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Abstract
This thesis is concerned with the fabrication of large area solution process hybrid 
photovoltaic (PV) devices using ZnO inorganic materials, incorporating inorganic 
nanoparticles in the photoactive layer. We investigate four different fabrication 
methodologies and architectures to directly relate to device performance to optical 
properties o f the active layer. In the process, electronic properties associated with the 
interface of active layer/metal electrode with different forms of various 
thienothiophene polymers as the donor in the hybrid PV cells are examined. The 
results to support the promise of ZnO being an ideal component for hybrid PV 
systems and suggests ways to improve the performance of organic PV devices.
The effects of spherical nanoparticle (NP) dimension and interfacial modification 
were investigated on the performance of the hybrid polymeriZnO PV devices. 
Structures consisting of regioregular poly-3-hexylthiophene (rr-P3HT) polymer and 
the fullerene derivative [6,6]-phenyl C61 butyric acid methyl ester (PCBM) were 
compared in contact with different sizes of 20 nm, 200 run, or 300 nm ZnO NPs. 
Hybrid solar cells were fabricated by embedding the combination o f rr-P3HT with 20 
nm or 50 nm ZnO NPs. The device performances relied on the ZnO NP size and its 
dispersion. The effects o f the interfacial layers between the photovoltaic layer and 
metal cathodes on hybrid P3HT:ZnO NP PVs were also examined.
Using the blend of rr-P3HT and ZnO formed via the solution process with diethylzinc 
precursor, the hybrid PV devices were fabricated and optimised. Factors determining 
the photovoltaic device performance of blends of rr-P3HT and ZnO nanostructures 
are reported. A decrease in the crystallinity o f rr-P3HT upon the formation of ZnO 
(through hydrolysis) is observed through optical absorption spectroscopy. Increasing 
the humidity level for the ZnO formation leads to a decrease in the 
photoluminescence o f the rr-P3HT:ZnO blend, together with improved photovoltaic 
device performance. This is attributed to a more efficient charge extraction due to a
Ill
decrease in the effective radiative trap sites on the ZnO surface as a result of 
decreasing the ZnO surface area with increasing humidity level.
The BCP, TiOx, and LiF interfacial layers between photoactive material and metal 
cathode allows the device performance to be enhanced in hybrid rr-P3HT:ZnO PV 
cells. The best device performance was obtained in hybrid rr-P3HT:ZnO PVs, with a 
TiOx interfacial layer. Photoelectron spectroscopy is used to investigate the role of 
titanium oxide as an interfacial layer. The inspection of chemical bonds through X-ray 
photoemission spectroscopy core peaks indicates that the inner structure of rr- 
P3HT:ZnO photo-active layer is preserved (i.e. there is no chemical interaction 
between the active layer and the TiOx layer), despite the deposition o f the TiOx. 
Furthermore, the formation of dipoles is also observed at the interface which explains 
the band alignment between rr-P3HT:ZnO/TiOx/Al. This band alignment in turn 
explains the enhancement in power conversion efficiency from 1.08% to 1.22% upon 
incorporating the TiOx layer in rr-P3HT:ZnO photovoltaic cells.
The various thienothiophene copolymers were used as a donor in the new 
architectures of hybrid PV cells with ZnO, which were fabricated and examined for 
device performance. The best device performance was obtained in a hybrid PV device 
using Poly(3,6-dialkylthieno[3,2-b]thiophene-co-bithiophene) (pATBT) donor and 
ZnO acceptor. Using this hybrid system, the effect of the side chain length of pATBT 
on the performance of hybrid polymer-metal oxide PVs is investigated. The pATBT 
attached with a dodecyl side chain (pATBT-Cn) in hybrid PVs with ZnO was 
compared to pATBT with a hexadecyl side chain (pATBT-Cie). Atomic force 
microscopic analysis reveals a smoother surface for the pATBT-Ci6 photoactive layer 
compared to the pATBT-C^. For hybrid PVs using pATBT-Ci6, the relative intensity 
of the external quantum efficiency (EQE) particularly increased by 39 % at a 
wavelength of 395 nm associated with the ZnO. Furthermore, the EQE spectrum 
shows a red shift for pATBT-Ci6 indicating better structural ordering compared to 
hybrid PVs with pATBT-Cn. As a result, the hybrid PV utilising pATBT-CierZnO 
blend layer is observed to display a better performance with a power conversion 
efficiency (PCE) of 1.02 % compared to 0.672 % of pATBT-CniZnO PV.
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Chapter 1
Introduction
Renewable energy alternatives to fossil fuels such as photovoltaics (PVs) are moving 
to the forefront as a route towards environmentally friendly energy generation. This 
rapid development in PVs is further driven by the detrimental impact of fossil fuels on 
the planet’s eco system. The production of PV cells has been growing at a fast rate, as 
is evident from figure 1.1, with costs falling with progress in the industry.
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Figure 1.1 Global annual PV market scenarios in MW power capacity until 2015- 
Moderate (pessimistic market behaviour) and Policy-Driven (positive market behaviour) 
(European Photovoltaic Industry Association (EPIA)).
Currently, even though the cost o f electricity with around $ 1.0 per watt in large PV 
installations is still higher than the other competing systems such as fossil fuel and 
natural gas plants, the cost of PV installation continues to be reducing consistently.[l]
In the near future, it is highly likely that generating electricity from solar cells will be 
more cost-effective than energy generation from conventional power plants, 
especially in areas where sunlight is abundant and electricity is expensive.
Despite the immense promise shown by silicon based PVs which dominate nearly 90% 
of the market share[2], the high cost of production resulting from the energy intensive 
and costly fabrication processes hampers the progress o f the technology. [3] Recently, 
organic based PVs have emerged as a cheaper alternative to the well-established 
inorganic PV technology. One of the main attractions in developing organic based 
PVs lies in its solution processability which allows printing, spin-casting, or spray 
coating the active material onto plastic substrates at low temperatures for fabrication 
of organic PV modules on flexible substrates through roll-to-roll processing. As 
indicated in figure 1.2, such roll-to-roll processes have already been used for the 
fabrication of the modules of poly-3-hexylthiophene (P3HT):fullerene derivative 
[6,6]-phenyl C61 butyric acid methyl ester (PCBM) cells. [4] Such thin and flexible 
cells could be placed directly on rooftops without spatial restrictions. Although recent 
developments have indicated the possibility o f fabricating inorganic modules on 
flexible substrates[5], the high temperatures required for growth of high quality 
materials still prevent the low-cost fabrication of inorganic PVs. As such, polymer- 
based photovoltaic devices are seen as an up-and-coming alternative to conventional, 
inorganic solar cells. Despite the promise shown by OP Vs, the performances of such 
systems are known to be below the 10% power conversion efficiency required for its 
wide spread deployment. As a result, extensive research is being carried out on 
improving device performance, and stability for this unique PV system. [6]
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Figure 1.2 An illustration of the process and the six different processing steps employed 
during fabrication of Roll-to-Roll (R2R) coated modules. [4]
The origin of organic PVs as a potential route towards energy generation can be 
traced back to the mid 1980 when Tang reported the possibility fabricating relatively 
efficient organic solar cells based on a bilayer architecture.[7] Later on, G. Yu et al[8] 
introduced the concept of the bulk heterojunction(BHJ) where the exciton generating 
donor phase and acceptor phase are intimately mixed to result in a more efficient 
photovoltaic performance in comparison to the architecture introduced by Tang[9]. In 
such BHJ PV cells, the inter-mixing of the two phases, guarantees efficient 
dissociation of strongly bound excitons, (which is a bound state of 
an electron and hole attracted to each other by the Coulombic forces), generated in 
organic materials under illumination. [10]
For the PV industry, hybrid 4* generation solar cells are considered a promising 
alternative to organic solar cells. The solution processability and low-temperature 
chemical synthesis of organic materials can be combined with many advantageous 
characteristics of bulk inorganic materials, many of which are now solution 
processable, allowing low cost fabrication. Furthermore, such hybrid solar cells also 
takes advantage of good physical and chemical stability and high electron mobility of 
the inorganic phase which allows the prospect of efficient energy conversion,
combined with low-cost fabrication techniques. In addition to being a selective charge 
carrier, the inorganic materials can also contribute to the photo-generation o f charge 
carriers. [11] In terms of light absorption, an inorganic acceptor can offer much greater 
contribution in PV devices than organic acceptors.[12, 13] Furthermore, controlling 
the size and shape o f inorganic nanocrystals allows the band gap of the inorganic 
modified material component leading to quantum confinement effects. [14] This in 
turn allows the absorption range of active layers to be controlled. [15] Materials such 
as quantum dots can also contribute to ultrafast photo induced charge carrier transfer 
to organic semiconductors. The efficient charge transfer between the donor and 
acceptor can be obtained from the transfer rate, which is faster than the recombination 
rate. [16] In addition to the above, inorganic acceptor materials are also known to be 
environmentally stable compared to organic materials, thereby comparing to the 
overall stability o f hybrid organic/inorganic devices. [17, 18] A further advantage is 
that the physical dimensions of some inorganic semiconductors such as vertically 
well-aligned inorganic nanostructures can be exploited for optimum device 
operation. [19] For PV devices, these can lead to efficient excitonic dissociation and 
electron transporting pathways. Among the systems studied, ZnO [20-22], TiOi [23- 
25], CdSe [26-28], CdS [29, 30], PbS [31, 32], PbSe [33, 34], SnOz [33], and Si [35, 
36] have been integrated with organic components with the former being utilized 
either as donors or acceptor in photovoltaic cells.
1.1 Hybrid photovoltaics using ZnO as an acceptor
Zinc Oxide is a transparent n-type semiconductor material with wide direct band gap 
of ~ 3.3 eV at room temperature.[37] The favourable properties of ZnO for electronic 
devices include its stability to high-energy radiation and to wet chemical 
processing. [3 8] Radiation resistance makes ZnO a suitable candidate for space 
applications. [3 9] Furthermore, ZnO can be easily crystallized at room temperature 
and relatively low-annealing temperatures that are compatible with the presence of 
conjugated polymers and therefore can be utilised in order to make a well-performing 
inorganic semiconductor phase in a photovoltaic layer. Nevertheless, in recent studies, 
the difficulty in identification of a suitable solvent for accommodating both the 
organic and inorganic components as well as the lack of a bicontinuous network upon
spin casting the hybrid mixture led to poor device performances. [21, 40, 41] In order 
to overcome the above technical difficulties, Beek et al[42] proposed the use of 
diethyl zinc (DEZ), a molecular precursor that is readily soluble in organic media and 
converts to ZnO upon exposure to moisture at temperatures compatible with organic 
photovoltaic device fabrication. Since then, the use of DEZ has led to several reports 
on ZnO incorporated organic-inorganic hybrid PVs.[20, 43-45] In addition to the 
above stated advantages, the non-formation of ZnO at room temperature compared to 
other zinc containing metallorganic precursors[46] as well as the possibility of 
forming a bicontinuous network[20] makes the use of DEZ an attractive route towards 
forming hybrid organic/inorganic photovoltaic cells. Despite the advantages noted 
above, as well as the improved performance over devices prepared by adding ZnO 
nanocrystals[47], the efficiencies reported for hybrid devices using DEZ remain poor 
in comparison to devices incorporating fullerene based acceptors. A number of factors 
are responsible for such poor device performances. The most important factors are 
related to the nano-morphology and nanoparticle surface chemistry of the photoactive 
layer and the electronic properties o f the interface between photo-active layer and 
metal electrode. [48] These crucial issues and routes for mitigating limiting problems 
in polymerrZnO nanohybrids are examined within this thesis.
1.2 Project aim
The proposed aim of this study is to investigate the advantageous factors determining 
the device performance of hybrid BHJ PVs incorporating solution processable ZnO as 
an acceptor in order to overcome the current discrepancy with lower device efficiency 
than organic PV. For this research, the effect of ZnO nanoparticles (NPs) used as an 
acceptor was investigated into hybrid BHJ PV devices. The effect of different buffer 
layers incorporated between the active layer and electrode was investigated. 
Furthermore, investigations to obtain enhanced photovoltaic device performance were 
carried out with thienothiophene polymers used as a donor for hybrid BHJ PVs.
1.3 Outline of thesis
Following the introduction in this chapter, Chapter 2 will introduce the theory of solar 
cells and the hybrid BHJ. Much of the theory is derived from the p-n junction with the 
photo-generation and separation of charge carrier in solar cells. The equivalent circuit 
of solar cells is not only discussed but also the photovoltaic parameters are introduced 
in this chapter. Following this, the hybrid and BHJ concepts are explained with 
different materials used in the construction of hybrid PVs. In addition, a recent 
review of hybrid PVs incorporating ZnO is also presented. Chapter 3 will introduce 
the experimental techniques used in this study. These include the device and material 
characterisation techniques for hybrid PVs using ZnO.
Chapter 4 will explain the performance of hybrid BHJ PV cells incorporating ZnO 
NPs produced by the hybrid laser/hydrothermal (HLH) synthesis technique and 
chemical vapour and transport deposition (CVTD). The ZnO NPs produced were used 
in hybrid PV cell with a combination o f p-type polymer rr-P3HT and n-type fullerene 
or only rr-P3HT. The interfacial layer between the cathode and a photovoltaic layer 
was also used to improve the device performance in hybrid PVs using ZnO NP cells. 
Chapter 5 will describe the optimization of the characteristics o f hybrid system using 
rr-P3HT and ZnO with highly reactive DEZ, and the effect of humidity during spin- 
coating within hybrid BHJ rr-P3HT:ZnO PVs. Hybrid PVs using the blend of rr- 
P3HT and ZnO were optimized with the variation of the ratio o f P3HT and ZnO. 
Furthermore, the humidity levels used to form the ZnO nanostructure will be 
discussed in order to elucidate the role of surface defects on ZnO nanostructures and 
the disruption of the crystallinity of rr-P3HT.
Chapter 6 will observe PV device performances based on rr-P3HT:ZnO BHJs upon 
the addition o f buffer layers such as bathocuproine(2,9-dimethyl-4,7-diphenyl-l,10- 
phenanthroline) (BCP), lithium fluoride (LiF), and TiOx. Particularly, the 
improvement of device performance with TiOx layer will be explicated with the 
electronic properties of the interface between active layer and metal electrode.
Chapter 7 will discuss the hybrid PVs incorporating ZnO (acceptor) with highly 
reactive DEZ and thienothiophene polymers. The device characteristics and optical 
properties o f hybrid PVs with thienothiophene polymers will be observed. In
particular, in hybrid PVs using poly(3,6-dialkylthieno[3,2-b]thiophene-co-bithiophene 
(pATBT), which is a well-known thienothiophene polymer in PV devices, [49] the 
effect of side chain length of pATBT in hybrid BHJ PVs with ZnO will be 
investigated with the optical, electrical morphological properties, and device 
characteristics.
Finally, Chapter 8 will draw further conclusions of this study with hybrid BHJ PV 
devices incorporating ZnO. Further avenues on progress towards enhancing device 
performances will be identified o f hybrid ZnO BHJ PVs.
Chapter 2 
Hybrid bulk-heteroj unction 
photovoltaics
This chapter will outline the generalised theory o f hybrid BHJ solar cells. The initial 
sections are based on the photogeneration and separation o f charges in inorganic p-n 
junctions with the introduction of excitonic solar cells followed by an introduction to 
the equivalent circuit model for a solar cell, and the photovoltaic device parameters. 
Following this, the concept of BHJ solar cells for organics will be introduced to 
facilitate the understanding of the behaviour of hybrid BHJ PVs. Finally, recent 
reports o f hybrid BHJ PVs using ZnO in the active layer or buffer layers will be 
discussed order to identify the current state o f such hybrid systems incorporating ZnO.
2.1 The theory of a solar cell
2.1.1 p-n junction
Conventional inorganic PVs are based mainly on the formation of p-n junctions. 
Therefore, in the quest to understand the device physics o f BHJ systems, it is 
indispensable that one obtains an understanding of the device physics underlying p-n 
junctions.
p-n junctions, as the name implies are formed by forming a physical contact between 
a hole doped p-type material and an electron doped n-type material (or regions) as 
shown in figure 2.1. [50] By connecting two regions as shown in figure 2.1, diffusion 
of carriers takes place due to the majority carrier concentration gradients at the 
junction. Therefore, holes diffuse from the p side to the n side while electrons diffuse 
from n to p which leads to the development of a space charge and an electric field(.£). 
The resulting ^ i s  directed from the positive charge toward the negative charge. Thus, 
E  is in the reverse direction to that of diffusion current for the respective carriers. 
Consequently, a drift element of current from n to p is produced by E, opposing the 
diffusion current in Figure 2.1 (c). Since no net current can flow across the junction at 
thermal equilibrium, the current must exactly cancel the diffusion current because of 
the drift o f electrons in the .É’field.[51]
J„(drift) + J„(diffusion) = 0
.^(drift) + .^(diffusion) = 0
The above mentioned electric field appears in a region of width W (in the junction 
region), and there is an equilibrium potential difference Va across W as shown in 
figure 2.1 (b). The above region is called the depletion region[52], and the potential 
difference Vhi is called the built-in potential. The application of a forward bias voltage 
in a junction diode leads to the lower electrostatic potential barrier at the junction. The 
reduction in the potential barrier results from the applied voltage raising the 
electrostatic potential on the p-side relative to the n-side. The potential barrier must be 
lower due to the fact that the entire space charge diminishes. Remembering that the 
potential barrier opposes the flow of majority carriers across the junction, a reduction 
in that potential makes it easier for holes in the p-type region to cross the junction and 
for electrons in the n-type region to cross the junction in the opposite direction.
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Figure 2.1 Equilibrium p-n junction: (a) isolated, neutral regions of p-type and n-type 
material and energy bands for the isolated regions; (b) junction, showing space charge in 
the transition region W, the resulting electric field Band built-in potential Vbi, and the 
energy band ofp-n junction; (c) directions of the four components of electron flow within 
the transition region, and the resulting current directions.
As the forward bias voltage increases, the current through the junction rises due to the 
lower potential barrier and the greater injection of electrons and holes from the 
applied bias. When the applied voltage approaches Vbi, the potential barrier nearly 
disappears in p-n junction. There is then very little opposition to the flow of carriers 
across the junction and a large current is able to flow through the p-n diode.
In a reverse bias voltage, the electrostatic potential of the p-side is depressed relative 
to the n-side. Thus the depletion layer enlarges and the height of the potential barrier 
increases. The majority carriers are further suppressed from crossing the junction. As
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the reverse voltage increases, the current is reduced to almost zero. On the other hand, 
an infinitesimal reverse current does flow. This reverse saturation current depends 
exclusively on the presence of minority carriers on each side and, not on the height of 
the potential barrier.
2.1.2 photo-generation and separation of charge carriers
In general, three physical phenomena can occur when light is irradiated on a material. 
As illustrated in figure 2.2, a photon can be directly transmitted through the material, 
reflected off the surface or be absorbed. In Si-based inorganic semiconductor solar 
cells, photons with an energy in excess of its bandgap are absorbed leading to the 
excitation of an electron into the conduction band an electron in the valence band as a 
result o f this excitation leads to the formation of a hole (in the valence band). Such 
holes (which at lacking an electron) results in the neighbouring electron moving into 
the hole, leaving another hole behind, and in this way a hole can travel in the valence 
band. Consequently, photons absorbed in the cell generates electrons in conduction 
band and holes in valence band. [53] In the absence o f an external biasing, such 
electrons and holes are driven by the electric field present in the depletion layer which 
leads to the diffusion of holes into the p-type region and electrons into the n-type 
region.
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figure L.l thoto-generation and separation oj charge carriers when a conventional p-n 
junction is illuminated with light with a broad band of energies.
2.1.3 Introduction of excitonic solar cells
Organic (excitonic) solar cells have a different photo-conversion mechanism 
compared to inorganic PV cells. In organic PVs, excitons, which are electrostatically 
bound charge carriers, are produced by light absorption while, in inorganic PV cells, 
light absorption contributes to direct creation of free electron-hole pairs. [54]
In organic material, light absorption leads to the production of a mobile excited state 
instead of a free electron-hole pair due to the lower dielectric constant of the organic 
phase than inorganic semiconductors. This contributes to the extension of the 
attractive Coulomb potential well near the incipient electron-hole pair, in comparison 
to inorganic semiconductors. The weak non-covalent electronic interactions between 
organic molecules compared to inorganic semiconductor materials with the strong 
interatomic electronic interactions[55] ensures that the exciton is tightly bound due to 
the spatially restricted electron wave-function contributing to the localization of it in 
the potential well of its conjugated hole (and vice versa). This is useful for devices 
based on light absorption in organic semiconductors.[56] An exciton is mobile, and an
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electrically neutral particle. The exciton must be dissociated into a spatially separated 
electron and hole in order for a current to be extracted from such a system. In 
excitonic solar cells, this requires the photo-generated excitons to difruse to an 
interface where a preferential electric field exists that assists in the dissociation of the 
exciton to form a free electron and a hole. Furthermore, excitons generated in the 
polymer material are initially transferred into the acceptor due to Forster resonance 
energy transport (FRET) from donor to acceptor through non-radiative dipole-dipole 
interactions.[57, 58] The presence of FRET interactions between the Frenkel excitons 
in organic layers and the Wannier excitons in inorganic quantum layers contributes to 
effective exciton dissociation in hybrid PV devices. [59] Even though the drift 
dominates charge carrier separation in an inorganic solar cells, for an excitonic solar 
cell, a general electrostatic field has been considered to be absent, and the charge 
separation is mainly generated via charge carrier diffusion. [60] In addition, whilst 
travelling to the electrode, a charge can become trapped and recombine.
2.1.4 Equivalent circuit of solar cells
To figure out the electronic behaviour of a solar cell, it is indispensable to create an 
electrically equivalent model based on individual electrical components. A current 
source in parallel with a diode can be used to model an ideal solar cell. In practice no 
solar cell is ideal, and thus a shunt resistance and a series resistance component are 
incorporated to the model.[61] Series resistance (Rs) in a PV has three causes: the 
resistance to the movement o f charges in its active layer o f the solar cell, the contact 
resistance between the metal contact and the active layer, and finally the resistance of 
the top and rear metal contacts. Even though excessively high values may reduce the 
short-circuit current, the main impact of series resistance is to decrease the fill factor. 
The presence of a shunt resistance (Rsh) leads to significant power losses. Low shunt 
resistance bring about the reduction o f current and voltage in solar cells by providing 
an alternate recombinative current path for the light-generated charge carriers. [61] 
The resulting equivalent circuit o f a solar cell is shown in figure 2.3.
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Figure 2.3 An equivalent circuit for a solar cell. Parameters load current(Ii), (diode 
current)!j), Voltage(V), collected current(I), series resistance(Rs), shunt resistance(Rsn) 
represent photo-generated current, diode current, voltage across the load, load current, 
series and shunt resistances.
In the model presented above, the current source is used to represent the current due 
to electron-hole pairs generated by absorbing photons. The total current is equal to the 
above photocurrent minus that which flows through the diode, minus that which flows 
through the shunt resistor. [62, 63]
I  -  h ~  Id ~ IsH
I  -  collected current
h  -  current in load
Id -  current in diode
IsH -  current in shunt resistance
C2 1)
The current through these elements is governed by the voltage across them: 
V j=V + IR s  (2.2)
Where
Vj -  voltage across both diode and resistor Rsh 
The Shockley diode equation[64] dictates current:
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Id = h exp nkT
- 1 (2.3)
where
lo
n
q
k
T
-  reverse saturation current
-  diode ideality factor
-  elementary charge
-  Boltzmann's constant
-  absolute temperature
At 25°C (room temperature), kT/q = 0.0259 eV.
The current diverted through the shunt resistor by Ohm's law is:
V.
R
(2.4)
SH
where
R s h  -  shunt resistance (O).
Substituting (2.2), (2.3) and (2.4) into equation (2.1) creates the characteristic 
equation of a solar cell, which relates solar cell parameters to the output current and 
voltage:
exp q(Y + IRs)
nkT
-1 V + IR.
R
C2 5)
SH
When the cell is operated under open circuit condition (i.e. /  = 0), the voltage across 
the output terminals is defined as the open-circuit voltage. Presuming the shunt 
resistance is extremely high enough to neglect the final term of equation (2.5), the 
open-circuit voltage Vqc is:
q
A , ;
J
C2.6)
In a similar manner, when the device is operated at short circuit, V = 0, the current 7 
through the terminals is defined as the short-circuit current. It can be shown that for a 
high-quality solar cell with low Rs and lo, and high Rsh, the short circuit current Isc is:
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Isc ^ I I  • ( 2 -7)
One of the parameters determining the value of Iq, Rs, and Rsh is the physical area of 
the cell. As a result, in order to simplify discussion, the term current density (or the 
current per unit area o f the device) is used. The modified equation incorporating the 
current density is:
(
exp
V
q{V + Jr-,))
nkT
 ^ y  + If's (2.8)
’ SH
where
J  = current density (amperes/cm^)
Jl = photo-generated current density (amperes/cm^) 
Jo = reverse saturation current density (amperes/cm^) 
rs = specific series resistance (Q/cm^) 
rw  = snecific shunt resistance fO/cm^i.
2.1.5 Photovoltaic parameters
The operating range of the solar cell is from 0 to Vqc under illumination, which is 
when the cell delivers external power. The device’s power density is:
7» = Vr. (2.9)
P approaches a maximum at the cell’s operating point or maximum power point. This 
is produced at some voltage Vm with a corresponding current density Jm as shown in 
Figure 2.4. Thus, the load has a maximum power calculated though Vm’Jm- The fill 
factor {FF) is defined as the ratio:
F F = " " (2.10)
T VSC^  oc
and represents the ‘squareness’ of the J-V curve. The power conversion efficiency, vj 
of the cell is the power density delivered at operating point as a fraction of the 
incident light power density, P/,
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f  P.
( Z l l )
These four parameters {Jsc, Vqc, FF and 77) are the core performance eharaeteristies 
of a solar cell.[65] All these parameters should be defined for fixed illumination 
conditions. The typical test condition for solar cell is the Air Mass 1.5 global 
spectrum with an incident power density (Pin) of 100 mW/em^.
C urrent density  (mA/cnF)
sc
oc
Figure 2.4 The current voltage (blue) and power-voltage (red) characteristics of an ideal 
cell. Power density reaches a maximum at a bias V^ , where Pi„ is 100 W/cnF for 
measurements with AM 1.5G. The maximum power density Jm x Vm is given by the area of 
the inner rectangle. The outer rectangle has area Jsc x Toe-
In non-ideal cells, the power is dissipated by the contact resistance and leakage 
currents. These effects are equivalent eleetrieally to Rs and Rsh in the cell. The Rs 
stems mainly from the sheet resistance of the contacts and is a critical issue with 
regard to high current densities under concentrated light. The Rsh is originated from 
leakage of current through the cell at the device’s edges and contacts of different 
polarity. A low Rsh can lead to a poor performance in devices.
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2.2 Bulk heterojunction Concept
Absorbed photons in organic semiconductors create bound electron-hole pairs known 
as excitons with a binding energy from 0.05 to 1.0 eV, which is considerably higher 
than that of general inorganic semiconductors. In solar cells for charge collection, the 
excited states generated by photo-excitation must be divided into free charge carriers; 
the so-called exciton dissociation for there to be useful energy delivery. The produced 
free charges then travel through the device to the electrodes, with possibly some 
recombination in the photoactive layer.
Exciton dissociation is known to occur efficiently at the interfaces between two 
organic semiconductors mingled together in a composite thin film such as a 
conjugated polymer and fullerene mixture. [9, 66, 67] The deloealization o f charge 
carriers along polymer chains can contribute to the effective exciton dissociation by 
overcoming the Coulombie potential barrier. [68] Photo-excited electrons are then 
accepted by the material with the higher electron affinity (acceptor), and holes by the 
material with the lower ionization potential (donor). Many conjugated polymers can 
act as electron donors upon photo-excitation. The concept utilizing this feature in 
combination with a molecular electron acceptor for long-lived charge separation 
stems from the stability o f photo-induced excitations on the conjugated polymer.
The charge separation can occur in two different cell configurations: a bilayer 
structure of donor layer/acceptor layer or an interconnected network structure of 
donor and acceptor materials. In a bilayer formation, excitons generated in the 
polymer layer are required to approach the donor/acceptor interface where the charge 
separation occurs. Due to the fact that the exciton diffusion length in organic 
semiconductors is normally about 10 nm [69, 70], the photoactive layer in bilayer 
BHJ structures is rarely over 20 nm. However, mixing an eleetron-aecepting material 
with a hole-aeeepting material to form an interconnected network can result in the 
formation of domains near to the desired 20 nm length. In such an intimately mixed 
architecture known as a BHJ system, the vast majority o f excitons are able to arrive at 
the donor-aceeptor interface, even in devices with a thickness well over 50 nm.[56] 
The transport o f carriers to electrodes without recombination in BHJ cells is a more
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complicated problem to solve because it requires that, once the electrons and holes are 
separated onto different materials, each carrier takes a pathv^ay to the appropriate 
electrode without passing through a region of the other phase. As such the percolation 
threshold is considered to be a basic factor determining the onset of an enhanced 
photo-voltaic response in BHJ devices. [71] Percolation happens when the electron 
acceptor and donor concentrations reach a value high enough to provide the 
conduction along the connected network o f each type of materials. The solubility of 
the n-and p-type materials in the same solvent is also a crucial parameter for the 
construction of such solar cells.
2.3 Hybrid solar cells
Hybrid photovoltaic cells have organic semiconductors that consist o f conjugated 
polymer, with inorganic materials used as the electron acceptor and transporter in the 
structure. [72] Organic semiconductors possess several advantages, such as low cost, 
ease of fabrication, and high absorption. Nevertheless, their devices are limited by 
their low conductivity and thermal instability. The inorganic semiconductor materials 
possess high carrier mobility, high chemical and structure stability while their photo­
response range is relatively narrow. Hybrid solar cells combine advantages o f both 
organic and inorganic semiconductors. [73] In addition, low cost synthesis, 
proeessability and versatile manufacturing of devices are also noted to be attractive 
properties of hybrid solar cells. [9, 66]
2.3.1 Hybrid Photovoltaic Materials
2.3.1.1 Donors used in hybrid solar cells
In organic, as well as hybrid photovoltaic system polymers are generally used as the 
exciton generating phase. Selected polymers used in organic photovoltaic cells are 
PTAA (poly(triarylamine)) MEH-PPV (poly[2-methoxy, 5-(2'-ethyl-hexyloxy)-p- 
phenylenevinylene)]), P3HT (poly(3-hexylthiophene)), PDDTT (poly[5,7-bis(4- 
decanyl-2-thienyl)thieno[3,4-b] diathiazole-thiophene-2,5)]), PCPDTBT (poly[2,6-
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(4,4-bis-(2-ethyhexyl)-4H-cyclopenta[2,1 -b;3,4-b']-dithiophene)-alt-4,7-(2,1,3- 
benzothiadiazole)]), PTV (poly(thienylene vinylene)), PBTTT (poly[2,5-bis(3- 
alkylthiophen-2-yl)thieno[3,2-b]thiophene)]).[74] All o f the polymers show extensive 
conjugation and hydrophobic characteristics. The highest occupied molecular orbital 
(HOMO) level position and the ionization potential, whieh directly affects the open 
circuit voltage and the stability of devices in ambient atmosphere also affects the 
device performance. The well-known polymers used in hybrid solar cells are P3HT, 
MEH-PPV, and PCDTBT(poly[[9-(l -octylnonyl)-9H-earbazole-2,7-diyl]-2,5-
thiophenediyl-2,1,3-benzothiadiazole-4,7-diyl-2,5-thiophenediyl]) are shown in figure 
2.5. P3HT, MEH-PPV and PCDTBT have bandgaps of 1.9 eV, 2.4 eV, and 1.88 eV, 
respectively. [75] In particular, P3HT has been the most widely used polymer in 
hybrid solar cells. The wavelength corresponding to the highest absorption rises with 
increasing molecular weight and the absorption spectrum is extended up to 600 nm. 
The regioregularity of P3HT is critical for conductivity, charge carrier mobility and 
transport due to the performance of the polymer depending on the regularity of the 
side chains in P3HT.[76] In addition, P3HT has one of the highest charge carrier 
mobilities among the conjugated polymers, at around 0.1 cm^/(V*s).[77] However, 
P3HT can only harvest up to 22.4 % from the photon flux reaching the surface o f the 
earth from the sun, due to its relatively high bandgap of ~1.9 eV.[78-80] In this regard, 
new donor materials obtained via chemical synthesis have been investigated and 
applied in BHJ PV devices. [81, 82] In particular, one of the promising donors is 
thienothiophene polymers, which have been used in organic PVs.[83]
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Figure 2.5 Acceptor materials used in hybrid solar cells. [75]
2.3.1.2 Acceptors used in hybrid solar cells
Hybrid solar cells with diverse inorganic materials such as ZnO [20, 21, 84], Ti02 
[23-25], CdSe [26-28], CdS [29, 30], PbS [31, 32], PbSe [33, 34], SnOz [33], and Si 
[35, 36] as acceptors have been revealed with promising outcomes. These inorganic 
nanostructures have various structures such as nanorods, nanoparticles, and branched 
structures. For better optical absorption and enhanced pathways of electron transport, 
they have been largely researched in the area o f hybrid PVs.[85, 86] Among these 
inorganic materials, ZnO has been attractive in the industry for hybrid systems due to 
the fact that ZnO is not toxic and easy to synthesize in high yields with low cost of 
process. [87] It also take several advantageous properties with wide-bandgap 
semiconductors, easy fabrication with chemical etching and low temperature, the 
availability of high quality ZnO bulk crystals, the feasibility o f transparent thin film 
using ZnO, and its high mobility.[88] This study will discuss primarily bulk 
heterojunction solar cells utilizing ZnO as an acceptor.
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2.3.1.3 Interfacial buffer layers
Improvements o f hybrid photovoltaic systems can be achieved through the 
introduction of interfacial layers to act as selective charge transport layers, exciton 
blocking layers and optical spacers. The most commonly used interfacial layers in 
photovoltaic cells have been amorphous titanium oxide (TiOx), ZnO, Lithium 
Fluoride (LiF), poly(3,4-ethylenedioxythiophene) : polystyrenesulfonate(PEDOT:PSS) 
and bathocuproine(2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline) (BCP). The
enhancement of hybrid solar cells can be achieved with fabricating interfacial layers 
between the active layer and the electrodes.
> PEDOTrPSS
Poly(3,4-ethylenedioxythiophene) poly(styrenesulfonate) (PEDOTiPSS) is a polymer 
mixture of two ionomers as shown in figure 2.8. One component in this mixture 
consists of sodium polystyrene sulfonate (PSS). Part of the sulfonyl groups are 
deprotonated and carry a negative charge. The other component poly(3,4- 
ethylenedioxythiophene) (PEDOT) is a conjugated polymer based on polythiophene 
and carries positive charges. Two charged macro-molecules facilitate the formation of 
a macromolecular salt. It is a transparent and conductive polymer with high ductility 
in diverse applications. The conductivity of PEDOTrPSS can not only be tuned by the 
ratio of PEDOT and PSS, but also the addition of high-boiling point solvents that 
allows for different film-forming processes with an increase of the electrical 
conductivity by many orders of magnitude.[89, 90] In addition, PEDOTrPSS UV- 
stablisers is used to overcome degradation due to ultraviolet light and high 
temperature/humidity conditions. Moreover, PEDOTrPSS has been used in 
photovoltaic cells for the improvement of charge transport between the active layer 
and the Indium Tin Oxide (IT0).[91] Otherwise, pristine PEDOTrPSS have a 
conductivity o f lower than 10 S/cm, which is too low to be used as an electrode in an 
efficient PV device.[92] Recently, for ITO-free polymer solar cell, PEDOTrPSS has
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been the promising material as the transparent conductor via film treatment with 
methanol and the incorporation of carbon nanotubes. [93, 94]
n
S O 3 H
Figure 2.8 Monomer structures of PEDOT (left) and PSS (right), [95]
> Bathocuproine
BCP (Bathocuproine) is 2,9-Dimethyl-4,7=diphenyl-1,10-phenanthroline, a derivative 
of phenanthroline with a structure as shown in figure 2.9. BCP is an organic electron 
transport material having an energy difference o f 3.5 eV between the highest occupied 
molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). A 
metal-doped BCP layer in an organic light-emitting diode (OLED) is used to enhance 
the electron injection from a cathode to a luminescent layer.[96-98] Furthermore, 
BCP is used as a hole blocking layer due to the HOMO posed at a relatively deep 
position, nearly 6.5 eV, from the vacuum level.[99-101] In organic solar cells, power 
conversion efficiency (PCE) is considerably enhanced by adding the BCP buffer layer 
which prevents holes travelling through the cathode that can cause a leakage 
currents. [102, 103] Therefore, BCP can improve the electrical properties due to 
intermediate states that are placed at a suitable energy level for electron transport with 
exciton blocking nature. [104]
Figure 2.9 Chemical structure of BCP. [96]
24
> Lithium fluoride (LiF)
Lithium fluoride is an inorganic compound with the formula LiF. It is the lithium salt 
o f hydrofluorie acid. This white solid is a simple ionic compound. Its structure is 
similar to that of sodium chloride even though it is mueh less soluble. It is mainly 
used as a component of molten salts. It also has a large energy band-gap at about 13 
eV with electron affinity at around 1 eV, measured by S. Samarin.[105]
Recent progress on high efficient photovoltaic included a strategy o f incorporating 
LiF at the interface between the photoactive layer and the aluminium cathode. This 
LiF layer has been used to improve the performance o f OLEDs fabricated either by 
thermal evaporation or solution processing. [106-110] In particular, it is required to 
understand the electrical structure o f LiF/Al electrode embedded in hybrid solar cells. 
Several conduction mechanisms about this electrode have been discussed. It not only 
lowers the work function of aluminium but also forms a dipole layer leading to a 
vacuum level offset between the organic layer and the Al. Moreover, the active layer 
is also shielded from the hot Al atoms caused from thermal deposition, thereby 
preventing the degradation o f the organic system.
> Titanium Oxide and Dioxide (TiOx)
Titanium dioxide, also known as titanium oxide or titania, is the naturally occurring 
oxide of titanium with a ehemical formula TiOa. Titanium dioxide is a promising 
material as an electron acceptor, transport material, and hole blocking layer in dye- 
sensitized cells, hybrid polymer/TiOi cells, and organic photovoltaic devices using 
polymer : fullerene active layers. [111-115] Nevertheless, crystalline Ti02 is used in the 
anatase or rutile phase, both o f whieh need a high temperature treatment at more than 
450 °C. Organic solar cells are not sustainable at sueh high temperatures. In recent 
times, to overcome this obstacle, solution-based sol-gel process that can be performed 
at relatively low temperature have been investigated to fabricate a titanium oxide 
(TiOx) layer on top of the polymerifullerene active layer. In this device, the TiOx was 
used to as optical spacer and a hole blocking layer. [116]
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2.3.1.2 Zinc Oxide
Zinc oxide is an inorganic compound with the formula ZnO. It usually appears as a 
white powder, nearly insoluble in water. The powder is widely used as an additive 
into numerous materials and produets ineluding plastics, ceramics, glass, cement, 
rubber, lubricants paints, ointments, adhesives, sealants, pigments, food, batteries, 
ferrites, fire retardants, and first aid tapes. [117] ZnO is present in the Earth's crust as 
the mineral zincite but ZnO used commercially is artificially synthesized using 
chemical and physical methods. ZnO is often called a II-VI semiconductor due to zine 
and oxygen belonging to the 2nd and 6th groups of the periodic table, 
respectively. [118] ZnO is a promising technological material due to key properties 
that lends itself to various applications. The present interest in ZnO for optoelectronic 
applications has been due to its high optieal band gap {Eg = -3.3 eV) at room 
temperature and low exciton binding energy of 60 meV which couples with the 
possibility of producing high-quality ZnO bulk single crystals. Moreover, ZnO has 
much simpler growth technology, pointing to a potentially lower cost for ZnO-based 
devices. The ZnO bulk crystals can be grown by a number o f methods on large size 
substrates. [3 8, 119, 120] It facilitates the application of ZnO in devices for which 
high-quality ZnO films grown at relatively low temperatures are required. In addition 
to the above, the high energy radiation stability and amenability to wet chemical 
etching o f ZnO makes it more attractive over wide band gap materials sueh as ZnS, 
GaN,andAlN.[121-123]
Zinc oxide crystal exists in three forms: hexagonal wurzite, cubic zincblende, and the 
rarely observed cubic rocksalt (figure 2.7). The thermodynamically stable phase in an 
ambient atmosphere is wurtzite. Growth on a cubic substrate is the only method to 
stabilize the zinc blende ZnO structure and ZnO formed as the rocksalt structure may 
be produced at relatively high pressure.
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Figure 2.7 Stick and ball representation of ZnO crystal structures: (a) cubic rocksalt, (b) 
cubic zinc blende, and (c) hexagonal wurzite. The shaded grey and black spheres denote Zn
and O atoms, respectively. [118]
Nevertheless, the biggest problem is the growth of p-type conductivity ZnO crystals. 
Even though a large number of reports are available, p-type ZnO crystals which have 
a reliable and reproducible conductivity has not yet been identified. Growth methods 
of ZnO crystals lately employed are chemical-vapour transport, vapour-phase growth 
and hydrothermal growth. [124-126] The hydrothermal technology is commonly 
preferred by most manufacturers because of the high vapour pressure of ZnO.[127] 
The benefit of ZnO lies in the quality of the product. A high quality crystal growth 
can be obtained via growing ZnO by this hydrothermal synthesis.
2.3.2 Recent review of hybrid solar ceils using ZnO
Table 2-1 shows recent review of hybrid solar cells embedding ZnO as a component 
in the active layer. Initial efforts involved studies on bilayer solar cells incorporating 
ZnO thin films fabricated by a sol-gel precursor route.[128, 129] Otherwise, for 
bilayer PVs, the maximum device efficiency has been restricted due to the long 
pathway of the carrier transport and small exciton diffusion length on the order of 
under 10 nm.[130] In order to overcome these restrictions observed in bilayer 
structures, various attempts have been carried out in the form of hybrid solar cells
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using ZnO as an acceptor. Initially, an additional layer between such ZnO/P3HT 
bilayer solar cells was used to improve electrical characteristics in these devices. The 
ZnO/CdS/P3HT photovoltaic cell has a maximum PCE of 0.11 % in AM 1.5 G, 
compared to cells without CdS having only 0.053 % of efficiency.[128] In addition, 
an increase in the photoeurrent in P3HT/ZnO cells was observed upon adding a self­
assembled alkanethiol monolayer layer due to the more crystalline P3HT on ZnO film 
modified with alkanethiol monolayer and the strength o f the interchain and intrachain 
of P3HT. Using a red-absorbing conjugated polymer poly(2,7-(9,9-dioctylfluorene)- 
a/f-5,5-(4',7'-di-2-thienyl-2',l',3'-benzothiadiazole)) (APFO-3) as an interface layer 
between P3HT and ZnO NPs, the relatively high efficiency at 0.52 % was achieved 
among devices using ZnO NPs. [86] Secondly, the formation of ZnO nanostructures 
used as an acceptor in bilayer PVs can allow the devices to be improved. A bilayer 
solar cell using dense ZnO NPs and a porous ZnO NP thin layers with P3HT was 
reported with 0.036 % efficiency.[40] The hybrid P3HT/porous ZnO bilaycr devices 
using dense ZnO NPs in buffer layer were also fabricated to accomplish the further 
approach for device improvement. [131]
BHJ solar cells using ZnO nanoerystals have been reported for several years. [21, 132, 
133] Among the initial studies reported were cells incorporating poly(2,7-(9,9- 
dioctyl-fluorene)-alt-5,5 -(4,7-di-2-thienyl-2,1,3 ,-benzothiadiazole) (PFDTBT) and 
ZnO nanocrystals. While these had a photoresponse, the performance was observed to 
be relatively poor.[133] However, photovoltaic devices using poly[2-methoxy-5- 
(30,70-dimethyloctyloxy)-1,4-phenylenevinylene] (MDMO-PPV) and ZnO
nanoerystals produced by hydrolysis had a considerably higher efficiency among ZnO 
nanocrystal-organic devices, at 1.6 % efficiency, with a Vqc o f 0.81 F  and a Jsc o f 3.3 
mA/cm^ at a FF o f 59 % under AM 1.5G illumination.[132] Moreover, 0.51 % 
efficient BHJ devices incorporating ZnO nanowires and nanofibers have also been 
reported. [131, 134]
In recent years, the Janssen group has reported P3HT:ZnO BHJ solar cells by 
blending P3HT and diethylzinc (DEZ), which recorded the highest performance 
among cells using ZnO.[20] This device power conversion efficiency was 2.0 % with 
0.75 V of Voc, 5.2 mA/cm^ of and 52 % of FF. In 2007, using the same method 
with LiF, a cell having power conversion efficiency at 1.45 % was produced by the 
same group.[43] Based on this process, the recent progress has been made with the
28
architecture of new donor polymers when mixed together with ZnO. The use of ester- 
functionalised poly[(3-hexylthiophene-2,5-diyl)- co -(3-(2-acetoxyethyl)thiophene- 
2,5-diyl)] (P3HT-E) as a donor has been observed to lead to finer phase separation 
and higher surface area compared to ordinary P3HT.[44] Regioregular poly(3- 
hexylselenophene) (rr-P3HS), which offers optical absorption near the infrared part of 
the solar spectrum,[135] has been used in the photoactive layer of hybrid PVs with 
ZnO. However, these devices performed poorly compared to hybrid P3HT:ZnO PVs 
due to the poor charge extraction capability (or lower external quantum efficiency 
(EQE)) and the disordered P3HS at the interface with ZnO.[45]
Table 2.1 Recent reviews of hybrid solar cells embedding ZnO as part of the active layer.
IT0/P3HT/CdS/Zn0/Ti02/AI Thin film (Bilayer) 0.604 0.39 48.2 0.11 [128]
ITO/ZnO/Ci8SH/P3HT/Ag Thin film (Bilayer) 0.31 0.42 40.4 0.053 [129]
ITO/PEDOT:PSS/PFDTBT:ZnO/AI ZnO NP 0.81 1.17 9 0.009 [133]
ITO/PEDOT;PSS/MDMO-
PPV:ZnO/AI
ZnO NP 0.81 3.3 59 1.6 [132]
IT0/PED0T:PSS/P3HT/APF03/Zn
0/AI
ZnO NP 0.81 1.8 45 0.52 [21]
P3HT:ZnO ZnO nanowires 0.4 0.32 28 0.036 [40]
ITO/Dense ZnO/Porous 
ZnO/P3HT/Au
ZnO NP (Bilayer) 0.36 2.18 44 0.35 [131]
ITO/Dense ZnO/ZnO:P3FIT/Au ZnO nanofiber 0.49 2.15 38.7 0.51 [134]
ITO/PEDOT:PSS/P3HT:ZnO/AI
Layer mixed with 
P3HT
0.75 5.2 52 2.0 [20]
ITO/PEDOT:PSS/P3HT:ZnO/Sm/AI
Layer mixed with 
P3HT
0.83 3.50 50 1.45 [43]
ITO/PEDOT:PSS/P3HT-E:ZnO/AI
Layer mixed with 
P3HT-E
1.02 2.1 40 0.83 [44]
ITO/PEDOT;PSS/rr-P3HS:ZnO/AI
Layer mixed with 
P3HS
0.60 1.8 38 0.42 [45]
* The device characteristics obtained under AM 1.5G simulated light
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ZnO has been used not only in an active layer in hybrid solar cells, but also it has 
been employed as a hole blocking layer and a buffer layer to prevent hot metallic 
particle deposition on the active layer during the deposition of the metal electrode 
(Table 2-2). In inverted P3HT:PCBM solar cells, ZnO nanorods and NPs were used as 
a hole blocking layer which dramatically improved performances.[136-138] 
Furthermore, by incorporating ZnO thin films, highly efficient cells with inverted 
structure with a PCE of around 4 % have been achieved. [139-142]
Table 2.2 Recent reviews of hybrid solar cells embedding ZnO in buffer layer.
ITO/ZnO/PCBM/P3HT:PCBM/Ag ZnO nanorods 0.55 11.67 50 3.2 [136]
ZnO:AI/lnstrinsic
ZnO/P3HT:PCBM/Au
Thin film 0.18 ~ 3 29.9 0.20 [137]
ITO/ZnO/P3HT:PCBM/Mo02/Ag Thin film 0.59 11.90 60 4.18 [138]
ITO/ZnO/C-PCBSD/PCBM:P3HT 
/PEDOT: PSS/Ag
Thin film 0.60 12.80 58 3.40 [139]
ITO/ZnO/C-
PCBSD/PCBM:P3HT/Mo03/Ag
Thin film 0.62 8.86 57 3.09 [140]
IT0 /Zn0 /P3 HT:PCBMA/205/AI
Nano-ridge 
(Zn NP)
0.60 10.76 62 4.00 [141]
IT0/PED0TPSS:PSS/P3HT:PCBM/
ZnO/MUA/AI
ZnO NP 0.65 11.10 63 4.60 [142]
* The device characteristics obtained under AM 1.5G simulated light
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2.4 Summary
In order to support the theoretical routes to build up this study, the basic knowledge of 
hybrid BHJ PV devices was presented in this chapter with the concept of 
photogeneration and separation of charges, excitonic solar cells, equivalent circuit 
model for a solar with and the PV device parameters, and BHJ solar cells. Materials 
used as a donor, acceptor, interfacial layer in hybrid PVs were also introduced. 
Particularly, the advantageous effects of ZnO incorporated in hybrid PVs was 
introdueed with recent literature reviews.
Analysis of most results presented from next Chapter will be discussed with the 
concepts stated in this Chapter. The fabrication with various materials introdueed in........  X - - . ' -....       _   —... .      ; . _...
this Chapter will be attempted to obtain highly efficient hybrid PV devices 
incorporating ZnO. The overall direction of this study was suggested via overviewing 
recent reports of hybrid PVs using ZnO.
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Chapter 3
Experimental techniques
This chapter involves a diseussion on the struetural, optieal and electrical 
characterisation techniques used in this research to get a better understanding of the 
material properties that give rise to the enhanced device performances observed for 
the hybrid PVs.
3.1 Structural and optical characterisation techniques
3.1.1 Scanning Electron Microscopy (SEM)
The scanning electron microscope (SEM) views the sample surface by scanning it 
with a focused beam of eleetrons in a raster pattern. [143] In the most common 
detection mode, the SEM can produce high-resolution images of a sample surface, 
obtaining details less than about -10  nm in size. The operation of the SEM consists of 
applying a voltage between a sample and an electron gun, resulting in electron 
emission from the electron gun to the sample. This occurs in a vacuum environment 
ranging from 10'"^  to 10'^  ^ Torr. The high energy electrons (1-30 keV) are guided to 
the sample by a series of electromagnetic lenses. Figure 3.1 shows a schematic 
diagram of a SEM setup. [144] The electrons interact with the sample producing 
signals due to seeondary electrons, back-scattered electrons (BSE), characteristic X-
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rays, light (cathodoluminescence), speeimen current and transmitted electrons that 
contain information with regard to the sample's surface topography, ehemical 
composition, and crystalline structure.[145] In order to characterise the morphological 
properties of materials, most SEMs are equipped with secondary electron detectors. 
Such secondary electrons are generated as a result from interactions of the electron 
beam with atoms at or near the surface of the sample. Signals are accumulated over a 
selected area of the surface of the sample and a two-dimensional image that displays 
spatial variations in these properties is generated. For the work reported in this 
dissertation, an FEI Quanta 200 ESEM was used.
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Figure 3.1 Schematic diagram of a SEM setup. [144]
3.1.2 Atomic Force Microscopy (AFM)
The atomic force microscope (AFM) invented by Binning, Quate and Gerber in 1986 
is a very high resolution scanning probe microscope consisting of a cantilever with an 
atomically sharp tip at its end. [146] The schematic diagram of an AFM is shown in
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figure 3.2.[147] Besides imaging, it is also one of the primary tools for the 
manipulation of matter at the nano scale.
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Figure 3.2 Schematic diagram of a SEM setup. [147]
In recent years, various modes of operation have been developed for the AFM. The 
common modes of operation are contact mode and tapping mode. In contact mode, 
the force between the tip and the surface is counterbalanced by the elastic force 
produced by the deflected cantilever. In tapping mode, the cantilever is oscillated 
close to its resonant frequency. The oscillation is modified by the tip-sample 
interaction forces. In order to detect any changes in the tip oscillation, a laser beam is 
refleeted off the cantilever (closer to the tip) onto a photodiode detector. The 
cantilever is compared to its initial oscillatory pattern using a feedbaek meehanism. In 
intermittent contact or tapping mode, changes in the oscillation amplitude produee 
topographic information about the sample. In addition, the diserimination between 
different types of materials on the surface can be deteeted by ehanges in the phase of 
oscillation under tapping mode. The AFM has several advantages over the electron 
microscope. Unlike the conventional electron microscope whieh provides a two- 
dimensional projection or image of a sample, a three-dimensional surface profile can 
be obtained using the AFM. Additional advantages of the AFM over other 
microscopes, such as electron microscopy, are not requiring any special sample 
treatment and the ability to eonduct the measurements under ambient environments.
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3.1.3 Ultraviolet, visible and near-infrared absorption spectroscopy 
(UV-VIS-NIR)
Ultraviolet-visible speetroscopy (UV-Vis) refers to absorption and transmission 
spectroscopy in the ultraviolet-visible region of the electromagnetic spectrum. The 
perceived eolour of the chemicals is influenced by their absorption characteristics. In 
this region of the electromagnetic spectrum, the excitation of electrons from the 
ground state to an excited state oceurs through the absorption of a photon with 
sufficient energy. [148]
UV-Vis speetroseopic analysis is mainly carried out on solutions or solids. The Beer- 
Lambert Law states that the absorbanee of a solution is related to the coneentration of 
the absorbing species in the path length and solution. [149] In this regard, the 
eoncentration of the absorber in a solution can be determined from references or the 
ealibration curve by using the UV-Vis Spectroseopy with a fixed path length. The 
peaks of wavelengths ean be linked with the types of bonds in a moleeule and they are 
useful in the determination of the functional groups in a molecule. All o f these 
instruments for UV-Vis spectroscopy are used with light souree such as a deuterium 
and tungsten lamp, a sample holder and a detector. In many case, a filter is used for 
seleeting one wavelength for measurements. The single beam instrument in figure 3.3 
(a) has a filter or a monochromator between the source and the sample while the 
double beam instrument in figure 3.3 (b) takes a single source and a monochromator 
with a splitter and a series of mirrors to obtain the reference beam and that from the 
sample. Nonetheless, a monochromator is not required for the simultaneous 
instrument displayed in figure 3.3 (c) but it has a diode array deteetor for 
simultaneously detecting the absorbance at all wavelengths.
A Varian Cary 5000 UV-VIS-IR spectrometer (figure 3.3) was used for the absorption 
and optical transmission of measurements. It is a high performanee UV-Vis-NIR 
spectrophotometer with the range of wavelength from 175 nm to 3300 nm. In the 
Cary 5000, its near-inffared (NIR) range is extended using a PbSmart detector to 3300 
nm.. In this study, in a photovoltaic cell, the optieal transmission and absorption, 
depending on wavelength, was scanned using the Cary 5000. It was used to measure
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the transmission and absorbance o f optic materials for the characterisation of the 
materials.
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Figure 3.3 Illustration of UV-Vis instrument with (a) single beam, (b) double beam, and
(c) simultaneous beams.
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3.1.4 Photoluminescence (PL)
Photoluminescence (PL) is the emission of light obtained from a material under 
optical excitation. The schematic diagram of the PL mechanism is displayed in figure 
3.4. The electrons are excited by light and then PL is obtained via returning an 
electron to a lower energy state accompanied by the emission of a photon. The period 
between absorption and emission is extremely fast (of the order of 10 
nanoseconds) .[150]
PL measurements can be used for the characterisation of various material 
parameters. [151] PL spectroscopy offers electrical characterization with a selective 
and extremely sensitive probe of discrete electronic states. This spectroscopy can be 
also used to measure alloy disorder and interface roughness, and to identify surface, 
interface, and impurity levels. The quality of surfaces can be obtained from the 
intensity of PL signal. For the mapping of the electric field at the surface of a sample, 
PL intensity is observed under an applied bias. The PL technique is non-destructive 
with very little sample manipulation or environmental control required. PL analysis is 
limited due to its reliance on radiative events. Materials with poor radiative efficiency 
are difficult to study using ordinary PL. Similarly, identification of impurity and 
defect states can be provided via their optical activity.
The Varian Cary Eclipse spectrometer was used in experiments for this thesis. In 
particular, the defects states Of ZnO in photoactive layers in hybrid PVs were 
investigated by obtaining the peak wavelength of photoluminescence and calculating 
this equivalent energy through the equation;
£  = — = (3.1)
X X{jLm)
X : Wave length 
h : Planck constant 
c : Speed of light
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Figure 3.4 Schematic diagram of photoluminescence.
3.1.5 Transmission electron microscopy (TEM)
Transmission electron microscopy (TEM) is a technique where a beam of electrons 
replaces a beam of light transmitted through an ultrathin specimen, interacting with 
the specimen as it passes through. TEM is a useful tool to obtain images at a very high 
resolution, due to the small de Brogile wavelength of electrons. This allows the 
instrument's user to examine fine detail-even on an atomic mode. TEM is well-known 
as a major analysis method in a range of scientific fields, especially in the physical 
sciences. TEMs find application in materials science and semiconductor research. 
The schematic diagram of TEM is shown in figure 3.5. An image is generated from 
the interaction of the electrons transmitted through the specimen. The lenses of an 
electron microscope are electromagnets and the magnification of the image can be 
modified by changing the strength of these lenses. The electron microscope 
system should be in high vacuum because of the collision with charged molecules, 
this deflect, and distorted beam in air atmosphere. The electron source is generated 
via the heating of a tungsten filament with acceleration voltages usually in the range 
of 6,000 ~ 10,000 V. An extremely thin specimen is required for the electrons to pass 
through it.
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At smaller magnifications TEM image contrast is manipulated by absorption of 
electrons in the material, the thickness and composition of the material. At higher 
magnifications complex wave interactions regulate the intensity of the image for 
expert analysis of observed images. The TEM is allowed to observe modulations in 
chemical identity, crystal orientation, electronic structure and sample induced electron 
phase shift as well as the regular absorption based imaging. The Philips CM200 TEM 
operating at up to 200 kV was used in this study.
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Figure 3.5 Schematic diagram of TEM used in this study.
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3.1.6 X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet 
Photoelectron Spectroscopy (UPS)
X-ray photoelectron spectroscopy (XPS), also called ESCA (Electron Spectroscopy 
for Chemical Analysis), is a sort o f photoeleetron spectroscopy in which the photons 
are X-rays. [152] It is a quantitative spectroscopic technique for the measurement of 
the elemental composition, empirical formula, chemical state and electronic state of 
the elements within a material. XPS spectra are acquired by a beam of X-rays exposed 
to a material while simultaneously detecting and analysing the kinetic energy and 
number of electrons escaping from the top 1 to 10 nm of the material. [152] Ultra- 
high vacuum (UHV) is required for XPS measurements.
Mg Ka (1253.6 eV), A1 Ka (1486.6 eV) X-ray, or synchrotron radiation are used as a 
source for mono-energetie X-rays in XPS. Due to the fact that the inelastic mean free 
path (IMFP) of electrons in solids is extremely small, the electrons only penetrate in 
the range of 1 ~ 10 nm depth of the material while the X-ray photons have a 
penetrating depth in a solid on the order of 1 ~ 10 pm. Figure 3.6 shows the universal 
IMFP curve for electrons with different kinetic energies, based on the experimental 
value for diverse materials. [153] As can be seen on the curve, the mean free paths are 
very high at low energies, decrease to 0.1 ~ 0.8 nm for energies in the range 30 ~ 100 
eV and then jump as the energy increases further. This contributes to a unique surface 
sensitive technique of XPS for chemical analysis. In this thesis, XPS using a 
hemispherical analyser (SES-100) was used for the measurements of the variation of 
the core levels and chemical bonds in the thin layers. The schematic diagram of XPS 
is displayed in figure 3.7.
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Figure 3.6 Universal curve of the inelastic mean free path (IMFP) for electrons as a 
function of Al, Ag, Au, Be, C, Fe, Fe, Ge, Hg, Mo, Ni, P, Se, Si, and W. [153]
XPS is normally plotted with the intensities of the emitted electrons versus their 
binding energies. This is mainly due to the fact the binding energy remains unchanged 
for electrons from a certain element in a particular chemical state, while the kinetic 
energy of the emitted electrons is changed by the energy of the incoming X-rays. The 
binding energy can be obtained from the following equation:
Eh — hv — El^  — 0 (3.2)
where
Eb : binding energy 
V  : frequency 
E}^  : kinetic energy 
0  : work function
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The concentration o f the elements at the surface can be identified and determined 
using XPS, in which each element has a unique set of binding energies. In order to 
identify the work function of the sample in a practice, the sample is conductively 
connected to the analyser with the fixed work function (O), and the kinetic energy of 
the electrons {Ek) is detected according to the vacuum level of the analyser. XPS is 
formed by electrons which are emitted without energy loss, while the electrons with 
inelastic loss constitute the background.
Ultraviolet photoelectron spectroscopy (UPS) is referred to as measuring kinetic 
energy of photoelectrons emitted by molecules absorbing ultraviolet photons, to find 
the molecular energy levels in the valence region. [152] The schematic diagram of 
UPS is shown in figure 3.7. A relatively low energy of the Ultraviolet radiation (He I 
(21.22 eV), He II (40.81 eV)) is applied in UPS to determine the valence electronic 
levels of the materials. UPS is particularly useful for the study of electronic structure 
of adsorbed molecules at surfaces due to the fact that the valence region is related to 
the formation of chemical bonds. It can allow the identification of the adsorbed 
compounds and the determination of the type of adsorption (chemi-Zphysisorption) 
and the orbitals related in the bond. The quantum chemical calculations are often 
required for an unambiguous assignment of UPS signals. While XPS is a quantitative 
method, UPS is not due to the extremely variable cross sections for different energy 
levels at low photon energies. The diffraction effects o f the electrons also result from 
the low kinetic energies.
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Figure 3.7 The schematic diagram of the actual photoemission of XPS and UPS 
depending on binding energy in core and valence levels. [154]
UPS measurements can also be used for determining the work function (O) of a 
sample through the following relationship
O =  hv — \Ep -  E,c u t o f f  I (3.2)
where
Ep : Fermi level energy 
Ecutoff : cut off energy
In this work, UPS was not only used to determine the valence levels in inorganic and 
HOMO in organic materials at the interface between a photoactive layer and metal
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electrode but also the dipole effects at the interfaces. A hemispherical analyser (SES- 
1 0 0 ) system was used for the analysis of the chemical and electronic properties 
between the different layers.
Au
cutoff
CÜ
(/)
c
m
c
He 1(21.2 eV)
1020 15 5 0
Binding energy (eV)
Figure 3.8 UPS of a clean Au surface measured by this study using a hemispherical 
analyser (SES-100) system with a He I  (21.2 eV). The work function is obtained by 
examining the difference between the energy of the UV light and AE, which is equated to 
the difference between secondary electron cut off and the Fermi edge.
3.1.7 Secondary Ion Mass Spectroscopy (SIMS)
Secondary ion mass spectrometry (SIMS) is used in material and surface science to 
analyse the composition of solid surfaces of semiconductors, thin films, metals, 
amorphous materials, and compound materials by sputtering the surface of both 
neutral and charged (+/-) species with a focused ion beam by collecting and analysing 
the secondary ions under UHV.[155] In order to determine the chemical composition 
of the surface ( 1 - 2  nm depth), the mass/charge ratios o f these secondary ions are 
measured by a mass spectrometer. SIMS is normally regarded as a qualitative
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technique because of the considerable variation in ionization probabilities among 
different materials.[155] SIMS is a surface sensitive analysis technique with 
elemental detection limits in the ppm-range depending on element and material. The 
use of higher ion beam intensities as well as oxygen gas flow allows depth profiling 
analysis up to some pm depth. There are the different variants of the technique: statics 
SIMS used for sub-monolayer elemental analysis, dynamic SIMS for obtaining 
compositional information as a function of depth below the surface, and imaging 
SIMS for spatially-resolved elemental analysis. Figure 3.9 is a schematic of the ion 
bombardment process, and subsequent mass spectrometer detection of ionic species. 
In this study, in order to analyse the film surfaces, CAMECA(IMS-7F) dynamic 
SIMS was used with the primary ions of Cs^ and 0%^  under UHV.
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Figure 3.9 Schematic diagram showing the ion bombardment process and SIMS detection
apparatus.[\56\
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3.2 Device Characterisation
3.2.1 Standard Solar Spectrum
Air mass is the optical path length through atmosphere for sunlight from a celestial 
source. In space, where there is no atmosphere, the spectrum of the sunlight is 
relatively unfiltered. On the other hand, with air filtering the incoming light on earth, 
the solar spectrum is changed by Rayleigh scattering or scattering by molecules and 
dust particles in the atmosphere. Air mass refers to the relative path length of the 
direct solar beam through the atmosphere.[157] When the sun is directly overhead, the 
optical air mass is unity and the radiation described as air mass one (AM 1.0) 
radiation. When the sun is an angle 6^, the air mass is given by
AM = —t —  . (3.3)
COSÛ^
The filtering effect ranges from AM 0 in space, to approximately Air Mass 2.0 on 
Earth as seen in figure 3.10. The global AM 1.5 spectrum was modelled for a sun- 
facing collector surface tilted 41.8° from the horizontal. The AM 1.5 spectrum was 
modelled for a 5.8° field of view looking directly at the sun. Both spectra were 
modelled for the “U.S.A. standard Atmosphere”, which contains 1.42 cm of 
perceptible water vapour and 0.34 cm of ozone in a vertical column from sea level to 
100 km. A rural model was used with a sea level visibility of 25 km.[158] Generally, 
the standard spectrum at the Earth's surface is called AM 1.5G, which the G stands for 
global and includes both direct and diffuse radiation, or AM 1.5D, which includes 
direct radiation exclusively. For the work discussed in this thesis, the standard 
spectrum was obtained from an Oriel solar simulator. The required illumination of 
1000 W/w? is produced through a 300 W Xe arc lamp and is combined with the 
relevant optics and filters to produce AM 1.5G spectrum.
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Figure 3.10 The definition of various global (G) air mass (AM) conditions.
3.2.2 Current-Voltage measurement
Figure 3.11 (a) shows cross-section and rear structure of PV devices. The current 
density-voltage {J-V) characteristic of the OPV devices were measured using a 
Keithley 2425 source meter by exposing the devices to simulated AM 1.5G light at 
room temperature. The Keithley 2425 measures the output current while applying a 
voltage to the device. The device is fitted up on a custom made test bed and 
illuminated through the substrate. Devices were directly contacted with four probes 
connected to the Keithley 2425. Each probe has the spring system to reduce the 
sample damage caused by probe contacts. A customised Lab view programme was 
used for the data collection of current and voltage over a range of values. From the 
recorded I-V values, the electrical parameters; Vqc, Jsc, FF and PCE were obtained
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through the calculation. Figure 3.11 (b) demonstrates the experimental setup for 
collecting J-V data for the device characteristics.
(a)
AM 1.5G sim ulated light
—> Metal electrode  
•> Interfacial layer
^PEDOT:PSS
^  ITO <■
Cross-section Rear
Active layer
Glass
V  V  V
Front electrode (ITO)
Rear electrode (Al)
Keithley 2425
Substrate (Glass)
Active layer
Computer 
(Data collection)
(b)
Figure 3.11 (a) Cross-section and rear structure of PV devices and (b) the schematic 
diagram of photovoltaic measurement
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3.3 Summary
In this chapter, structural and optical characterisation techniques were presented with 
the principles o f SEM, AFM, UV-VIS-NIR absorption spectroscopy, PL, TEM, XPS, 
UPS, and SIMS. The device characterisation was also discussed with the standard 
solar spectrum and current-voltage measurement.
Understanding these experimental techniques provides the suitable way for the 
analysis and discussion of this study presented from the next chapter. All o f the 
techniques stated in this chapter will be used for this study.
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Chapter 4
ZnO Nanoparticles (NPs) in bulk hetero­
junction solar cells
4.1 Introduction
Recently, various BHJ PV devices have been reported using regioregular P3HT (rr- 
P3HT), v^hich is p-type conjugated polymer, in combination with PCBM, an n-type 
fullerene derivative. [116, 159, 160] Alternatively, the n-type fullerenes have been 
replaced by n-type inorganic semiconductor nanoparticles in BHJ solar cells. This 
chapter discusses investigations on the performance of rr-P3HT:PCBM solar cells 
incorporating ZnO NPs created by Laser/Hydrothermal synthesis or chemical vapour 
transport and deposition. In addition, hybrid solar cells using rr-P3HT, organic 
polymer as a donor, and ZnO NPs made by Laser/Hydrothermal synthesis or chemical 
vapour transport and deposition as an acceptor are also discussed.
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4.2 Growth of ZnO nanoparticles
4.2.1 ZnO NPs via hybrid Laser/hydro thermal (HLH) synthesis
The growth o f ZnO NPs using the laser/hydrothermal hybrid (HLH) technique was 
carried out using the method reported by Jayawardena et al.[161] Figure 4.1 
describes the Schematic of ZnO NP preparation via HLH technique. For growth of 
ZnO nanoparticles, the reaction sequence for zinc nitrate hexahydrate (Zn(N0 3 )2 6 H2 0 ) 
and hexamethylenetetramine (HMTA) is as follows[162]:
6HCHO+4NH, (4.1)
NH, + H^O o  N H l + OH- (4.2)
2 0 H - + <=> ZnO + H^O (4.3)
Precursor solutions (25 mM) were prepared using zinc nitrate hexahydrate 
(Zn(NOg) 6 H2 O, Fluka ^99% ) and hexamethylenetetramine (HMTA, Fluka ^99% ) 
in deionized water. The HMTA which was further diluted to ~4 mM, and the 25 mM 
Zn(NO]) 6 H2 O solution was heated separately in a water bath until - 9 0  °C was 
achieved, and 2 mL of Zn(NOg) 6 H2 O was added to 12 mL of the diluted HMTA. 
ZnO growth and morphology are determined via the Zn^^^OH" ratio and the presence 
of HMTA, HCHO, and NH3 .. While HMTA tends to adsorb on the crystalline planes 
of ZnO, [162] a reduction in the Zn^^ OH" ratio contributes to the formation of narrow 
nanorods.
Subsequent to mixing, the compound was directly irradiated with laser pulses at a 
fluence o f 330 mJ/cm^ with a Lambda-Physik LPX 210i KrF excimer laser operating 
at 248 nm with pulse duration of 25 ns and a repetition rate of 40 Hz. Irradiation with 
the laser was carried out for 450 sec. The combination of an excimer laser as an 
energy source in a hydrothermal synthesis contributes to rapid synthesis o f ZnO 
nanocrystals and easy control of ZnO morphology.
51
24Sum with pulse duration o f 25ns and a 
repetition rate o f  40Hz
Mirror
Duration: 450 s Lambda-Physik LPX 
2101 KrF excimer laser
Hotplate
2ml o f  25mM Zn(NO]) 6 H 1O in 10ml D. I. water 
2ml o f  25mM hexamethylenetetramine(HMTA) in 10ml D. I. water
Figure 4.1 Schematic of ZnO NP preparation via HLH technique reported by I.
Jayawardena.
4.2.2 ZnO NPs by chemical vapour transport and deposition (CVTD)
ZnO nanocrystals can normally be produced through the evaporation of pure zine 
carbonate powder in an oxygen atmosphere. The growth of ZnO nanocrystals can be 
produeed through a vapour-liquid-solid growth meehanism. The growth of ZnO NPs 
is predieted to occur in the vapour phase during synthesis. The growth proeess 
proceeds with the carbothermal reduction of ZnCOg at elevated temperatures. As the 
temperature is increased, ZnCOg is converted to ZnO through the following reaction:
heat
ZnCO  ^ —> ZnO + (4. 4)
In addition, the C component in the mixture can also boost up a deoxidization reaction 
in which large amounts of suboxides of Zn are formed:
Z»C -k C(CO) ^  + CO2 (4. 5)
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As shown in figure 4.2, the zinc carbonate powder (ZnCOg 2 Zn(0 H ) 2  H2 O) and 
carbon powder (weight ratio of 1 :1 ) was placed inside the quartz tube in furnace with 
a cleaned silica substrate placed at 12 cm distance from zinc carbonate powder. A 
mixed gas of nitrogen (flow rate of 1 0 0  seem) and oxygen (flow rate of 1 2  seem), 
were injected as shown in figure 4.2. The ZnO nanoparticles synthesized with 
evaporated zinc carbonate powder and oxygen at 900 °C and 600 °C were allowed to 
deposit for 1 0  min on the silica substrate.
Heater
A flow of Ng and Og
12cm Zn carbonate p o w d e r/ Quartz tube
/
Substrate
Figure 4.2 Schematic of ZnO NP preparation via CVTD using methodology reported by M.
Newton. [163]
4.3 Bulk Heterojunction Solar Cells Incorporating ZnO NPs
4.3.1 Characterisation of ZnO NPs
Images of ZnO NPs produced by HLH synthesis as observed using TEM are given in 
Figure 4.3 (a). These ZnO NPs are observed to have a relatively small size with ~ 20 
nm average particle diameter.
As shown in figure 4.3 (b), the ZnO NPs grown by CVTD at a temperature of 900 °C 
using the zinc carbonate source had an average diameter of 300 nm, which is 
considerably larger than the HLH synthesized nanoparticles. Due to the fact that the
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thickness of actual active layer in organic photovoltaic cells is ~ 200 nm,[20, 164, 165] 
the large size ZnO CVTD NPs can contribute to not only increased series resistance in 
PV devices but can also lead to the formation of a coarse interfaces between the active 
layer and the electrode, which leads to poor device performance. However, reducing 
the temperature for the CVTD technique to 600 °C is observed to result in the 
formation of, smaller ZnO NPs as shown in figure 4.3. The average size o f the latter 
ZnO NPs was more than 200 nm with an ellipsoidal shape as can be observed in 
figure 4.3 (c). In spite o f the smaller size o f these ZnO NPs compared to those 
synthesized at 900 °C, it is certain that the difficulties photovoltaic device fabrication 
and dispersion o f solution will still remain because of the larger size o f the NPs 
compared to the active layer thickness.
Commercial ZnO NPs purchased from Sigma Aldrich using 6 % Al as a dopant was 
also used in this work. They have an average particle size of less than 50 nm, which is 
probed with TEM images by Sigma Aldrich. [166]
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Figure 4.3 (a) TEM images of ZnO NPs produced by HLH synthesis, (b) SEM image of 
ZnO NPs generated by CVTD with heating at temperature of 600°C, and (c) SEM image of 
ZnO NPs with heating at temperature of900°C.
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4.3.2 Optical characterisation of ZnO NPs
For the optical characterisation of ZnO NPs, the photoluminescence (PL) results of 
20nm ZnO NPs by the HLH synthesised and 300 nm ZnO NPs by CVTD with 900 °C 
were respectively measured using the Cary Eclipse spectrophotometer in (figure 4.4 (a, 
b)). The optical band gaps calculated by using equation 3.1 for the 20 nm ZnO and 
300 nm ZnO NPs are observed to be at 3.30 eV and 3.21 eV respectively. Moreover, 
the PL intensity o f the signal in 20 nm ZnO NPs, in the wavelength range between 
450 and 700 nm, compared to the highest peak of a signal, was relatively bigger than 
for the 300 nm ZnO NPs. This is attributed to a higher number of defect states in the 
20 nm NPs compared to 300 nm ZnO NPs. [133,134]
As shown in figure 4.4 (c), the PL signals of 200 nm ZnO NPs via CVTD synthesis at 
a temperature of 600 °C indicates an optical band gap 3.27 eV. This is noted to be 
lower than the 20 nm ZnO and higher than 300 nm NPs. Furthermore, much like the 
20 nm ZnO NPs, an intense visible emission is observed in the range o f 400 ~ 600 nm 
wavelength. However, the 200 nm ZnO NPs display a higher relative PL intensity 
than 20nm ZnO NPs, which indicates more defects in these NPs.
The PL intensity o f 50 nm ZnO NPs purchased jfrom Sigma Aldrich was also 
measured in (figure 4.4 (d)). The band gap of these ZnO NPs doped with Al was 3.17 
eV (392 nm) shifted by the Al doping compared to pure ZnO NPs with the band gap 
of 3.3 eV[167]. The second peak (409.1 nm) can be related to the artefact o f the 
spectrometer. It is noted here that the absence of a visible emission for these 
nanoparticles suggests the absence o f the corresponding defects in these 
nanostructures.
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Figure 4.4 The Photoluminescence of (a) 20 nm ZnO NPs by the HLH synthesis, (b) 300 
nm ZnO NPs by the CVTD with 900 "C, (c) 200 nm ZnO with 600 "C, and (d) 50 nm ZnO
NPs purchased from Sigma Aldrich.
4.4 ZnO NPs embedded in rr-P3HT:PCBM bulk 
heteroj unction solar cells
The combination of rr-P3HT as a donor and PCBM as an acceptor has been widely 
used in organic PV devices.[116, 168] In this section, the introduction of ZnO NPs 
produced by the HLH and CVDT synthesises into the BHJ solution and the resulting 
device performances are discussed.
57
4.4.1 Experimental method
Glass substrates with patterned ITO were thoroughly cleaned by a sonication in 
acetone and methanol for 10 min each and treated by oxygen plasma (10 seem, 5 min) 
in Plasma Asher. A thin layer o f PEDOT:PSS (1:6 ratio, Baytron) was spin-coated 
onto the ITO/glass at a speed of 4000 rpm for 60 sec and then baked at 140 °C for 15 
min in an ambient atmosphere. For preparation of the active layer solution, 10 mg of 
PCBM and rr-P3HT each with 0.5 mg of ZnO NPs grown by the HLH synthesis and 
the CVTD was mixed in 1 ml dichlorobenzene. The rr-P3HT:PCBM with and without 
ZnO NPs as an active layer was formed by spin-casting at 800 rpm for 40 sec on the 
top of PEDOT:PSS and was then followed by annealing at 110 °C and slow dried for 
40 min in a glove box. A 9 nm thick BCP layer was deposited by thermal evaporation 
as a hole blocking layer on the active layer at a pressure of ~3xlO’^ Torr. Finally, a 90 
nm thick Al electrode was deposited by thermal evaporation at a pressure of -3x10'^ 
Torr. In addition, a TiOx layer was used as buffer layer instead o f BCP in some 
experiments. TiOx layer was spin-coated on top o f the active layer at a spin speed of 
2500 rpm for 40 sec and then baked at 110 °C. The overall structure of the solar cell 
used in this work and the relevant flat band diagram are displayed in figures 4.7 (a) 
and (b). The current-voltage characteristic o f the devices was measured using a 
Keithley 2425 source meter, by exposing the devices to AM 1.5G simulated light at 
room temperature. The photovoltaic area o f the devices was 0.76 em^.
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Figure 4.5 (a) The structure of the BHJ solar cell using ZnO NPs and (b) the energy band 
structure of solar cells with BCP or TiOxinterfacial layer. The units of energy show in (b) 
us with reference to the vacuum level (below [116, 140, 169, 170]
4.4.2 Optical and electrical characteristics of BHJ solar cells with 
ZnO
The optical transmission characteristics of the active layers deposited on 
PEDOT:PSS/ITO/glass (same thickness) are given in figure 4.6. Upon adding 20 nm 
ZnO NPs to rr-P3HT:PCBM, the intensity of optical transmission was changed 
exclusively in the UV wavelength region. It is noted that the optical properties of the 
blend of rr-P3HT and PCBM were not affected by 20 nm ZnO NPs in the visible 
wavelength region but, despite the fact that ZnO NPs can result in extra absorption in 
around 380 nm[l 18] and the light scattering o f NPs in a blend layer[171], the optical 
transmission increased in UV region wavelength possibly due to contributions from 
the removal of P3HT and the thin film interference effect caused by the back metal 
electrode.[172] It can lead to a poorer device performance with less absorption.
On the other hand, upon adding 300 nm ZnO NPs in rr-P3HT:PCBM layer, the optical 
transmission was considerably changed in hybrid PV devices. In particular, the 
maximum difference of optical transmission between a rr-P3HT:PCBM and rr-
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P3HT:PCBM:300 nm ZnO NPs layer was 10.6 % at a 508 nm wavelength, which can 
significantly contribute to poorer performance through less absorption in cells 
incorporating the 300 nm ZnO NPs. From these results, it is predicted that a lower rr- 
P3HT volume and which is not properly mixed in with the ZnO NPs inside can lead to 
higher transmission in the range of all wavelength in a hybrid device with 300 nm 
ZnO NPs.
80 rr-P3HT:PCBM
rr-P3HT:PCBM:20nm ZnO NPs 
rr-P3HT:PCBM:300nm ZnO NPs
% 40
400 500 600
W avelength  (nm)
Figure 4.6 Optical transmission of an rr-P3HT:PCBM, rr-P3HT:PCBM:20 nmZnO 
NPs, rr-P3HT:PCBM:300 nm ZnO NPs active layer on PEDOT:PSS/ITO/Glass cell
Table 4.1 and figure 4.7 describes the performances of rr-P3HT:PCBM solar cells 
incorporating ZnO NPs. Even though the literature suggests the possibility of an 
improvement in the device performance upon the incorporation of ZnO NPs into rr- 
P3HT:PCBM, due to factors such as the high electron mobility of ZnO[173], the 
results obtained in this work did not show any improvements through the 
incorporation of ZnO NPs. It is likely due to poor distribution of ZnO NPs in the 
photovoltaic layer leading to higher series resistance and lower excitons. In particular, 
the cell with 300 nm ZnO NPs had the worst performance as a result of the poorer
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light absorption in the active layer and a high series resistance due to the less 
defective nature of the large NPs.
In order to enhance the device’s performance, a BCP layer in these cells was used as a 
hole blocking layer. Using an interlayer of BCP, the power conversion efficiency of 
these cells was remarkably improved, except for rr-P3HT:PCBM with 300 nm ZnO 
NPs. The reference devices and the cells with 20 nm ZnO NPs incorporating a BCP 
layer had not only a higher Voc around 0.56 V than cells without the interlayer, but 
also displayed a higher Jsc> The resulting improvements in the device performance 
parameters within the incorporation of the BCP layer are attributed to the to the hole 
blocking effect o f BCP which prevents a flow o f holes towards the cathode as a result 
of an energy barrier for hole extraction at that electrode. Furthermore, the prevention 
of the deposition of hot Al metal species that can also degrade the properties of the 
active layer is also expected to contribute to the observed device performance. [1 0 2 ]
In cells with the 300 nm ZnO NPs, the inclusion of the BCP layer does not appear to 
contribute to the improvement in the device performance. Less Jsc and FF was 
recorded for cells with the BCP layer than for those without. This is attributed to the 
higher series resistance caused by a bigger-size NP overwhelming the thickness of a 
photovoltaic layer, which can lead to the coarse interface between BCP and 
photoactive layer.
Table 4.1 Photovoltaic device’s parameters of rr-P3HT:PCBM, rr-P3HT:PCBM:20 nm 
ZnO NPs, rr-P3HT:PCBM:300 nm ZnO NPs devices with and without BCP.
Formation of active layer
BCP
layer
Voc
(V)
Jsc
(mA/cm^)
FF
(%)
Efficiency
(%)
rr-P3HT:PCBM with 0.56 6.80 65.75 2.23
rr-P3HT:PCBM:20 nm ZnO NPs with 0.58 5.53 41.24 1.32
rr-P3HT:PCBM:300 nm ZnO NPs with 0.56 3.06 39.08 0.67
rr-P3HT:PCBM without 0.37 6.30 45.55 1.07
rr-P3HT;PCBM:20 nm ZnO NPs without 0.34 3.56 52.80 0.64
rr-P3HT:PCBM:300 nm ZnO NPs without 0.37 5.66 50.00 1.05
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Figure 4.7 Current density-Voltage characteristic of rr-P3HT:PCBM, rr-P3HT:PCBM:20 
nm ZnO NPs and rr-P3HT:PCBM:100 nm ZnO NPs PVs (a) with and (b) without BCP in
AM 1.5G simulated light.
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4.4.3 rr-P3HT:PCBM cells with 200nm ZnO NPs
In addition to the previously discussed on BHJ cells incorporating 20 nm and 300 nm 
ZnO NPs, devices utilising 200 nm ZnO NPs were also investigated. Furthermore, in 
order to identify the effect of buffer layer in hybrid PV device incorporating ZnO NPs, 
a TiOx interfacial layer was used for hybrid rr-P3HT:PCBM:ZnO NPs PV devices. In 
addition to being a hole blocking layer [174] and a buffer layer for protection against 
hot A1 deposition TiOx is known to be solution processable allowing the development 
of devices with all solution processing in mind. Table 4.2 and figure 4.8 indicates that 
using the TiOx interlayer, leads to an improvement in the device performance in 
comparison to those devices without an interlayer. A rr-P3HT:PCBM cell with a TiOx 
layer had the highest efficiency at 2.03 % with 0.51 V o f Voc, 7.23 mA/cm^ of Jsc, 
and 54.55 % of FF, compared to only 1.52 % of efficiency in a cell without TiOx. In a 
cell embedding 200 nm ZnO NPs with a TiOx interlayer, even though it is evident that 
higher Jsc and FF occurred than a cell without interlayer, this cell had a lower Vqc  ^ It 
is suggested that this lack of improvement is due to the presence of ZnO which very 
much like TiOx has the capability to act as a selective electron transport layer. In 
addition, a rr-P3HT:PCBM:200 nm ZnO NP cell without interlayer shows an 
enhanced performance with a higher efficiency at 1.28 % compared to the efficiency 
at 1.05 % in a cell using 300 nm ZnO NPs as seen in Table 4.1. The smaller size of 
ZnO NPs in cells has led to a lower series resistance and more exciton generation 
while the device performance o f the cell with 20 nm Zn NPs was poorer than 200 nm 
due to the defect stats in ZnO (as discussed previously in 4.3.2).
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Table 4.2 Photovoltaic device parameters of rr-P3HT:PCBM, rr-P3HT:PCBM:200 nm
NPs devices with and without TiOy,
Formation of active layer Voc Jsc FF
(V) (mA/cm^) (%)
Efficiency
rr-P3HT:PCBM 
rr-P3HT:PCBM:200 nm NPs 
rr-P3HT:PCBM 
rr-P3HT:PCBM:200 nm NPs
without
without
with
with
0.43
0.44
0.51
0.38
7.77
5.30
7.23
6.23
46.07
39.08 
54.55 
53.77
1.52
1.25
2.03
1.28
E
Ü
COc
<D
T5
C
<D
V -
3
o
0
-3 -
-6
-9 -
-12
-rr-P3HT:PCBM 
rr-P3HT:PCBM with TiOx 
rr-P3HT:PCBM:200 nm ZnO NPs 
rr-P3HT:PCBM:200 nm ZnO NPs with TiOx
0.0 0.2 0.4
V oltage (V)
Figure 4.8 Current density-voltage characteristic of rr-P3HT:PCBM and rr- 
P3HT:PCBM:200 nm ZnO NPs PVs with and without TiOx in AM 1.5G simulated light.
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4.5 Hybrid solar cells incorporating ZnO NPs as an acceptor
For hybrid PV devices using rr-P3HT, PCBM, and ZnO NPs, two acceptors of ZnO 
and PCBM were used, which was not observed to result in improved device 
characteristics. In this section, the performance o f devices utilising 20 nm ZnO NPs 
produced by HLH synthesis or commercial 50 nm ZnO NPs as the only acceptor with 
rr-P3HT as a donor are discussed.
4.5.1 Experimental method
Glass substrates with patterned ITO were thoroughly cleaned with acetone and 
methanol for 1 0  min each in an ultrasonic bath and oxygen plasma treatment of 
substrates in a Plasma Asher carried out. A thin layer of PEDOT:PSS was spin-coated 
onto the ITO glass at a speed of 5000 rpm for 60 sec and then annealed at 140 °C for 
15 min in ambient atmosphere. For the solution, 4 mg of rr-P3HT with 4 mg of ZnO 
NPs created by HLH synthesis was mixed in 1 ml dichlorobenzene. The rr-P3HT:ZnO 
active layer was spin-casted at 1000 rpm for 40 sec on the PEDOTrPSS layer and was 
then heated at 110 °C in a hotplate after drying P3HT:PCBM layer for 30 min in a 
globe box. The TiOx layer was spin-coated at 5000 rpm for 40 sec as a hole blocking 
layer on the rr-P3HT:ZnO layer in nitrogen and subsequently annealed at 150 °C. In 
the final step, the 90 nm thick A1 as metal cathode was deposited by thermal 
evaporation at a pressure of -3x10'^ Torr. The overall structure of solar cell displays 
in figure 4.9 (a) with band structure in figure 4.9 (b).
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Figure 4.9 (a) The schematic illustration and (b) band structure of rr-P3HT:ZnO NPs 
solar cells with a TiOx layer. [116, 170]
4.5.2 Hybrid solar cells using ZnO NPs created by HLH synthesis
Recently, Beek et al. [132] reported efficient rr-P3HT:ZnO solar cell (PCE of 1.6%) 
through the incorporation of 5 nm ZnO NPs synthesized by hydrolysis and 
condensation of zinc acetate dehydrate (HCZ). We incorporated 20 nm ZnO NPs 
prepared using the HLH to fabricate rr-P3HT:ZnO NPs BHJ solar cell.
Figure 4.10 and Table 4.3 shows current density and voltage characteristic of rr- 
P3HT:20 nm ZnO NPs PV cell. Under illumination with AM 1.5 G (100 mW/cm^) 
illumination, this device possessed an open circuit voltage of 0.58 V, a short-circuit 
current of 0.017 mA/cm^, and a fill factor of 20.34 %, which resulted in an estimated 
efficiency of 0.002 %. Observation of the J-V characteristics indicates an “S shape” 
behaviour due to a high series and low shunt resistance resulting in a low fill factor 
which is attributed to unbalanced charge extraction from the active layer. [175] This 
considerably poorer device performance can is attributed to the poorly dispersed ZnO
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N Ps in a photoactive layer, w hich can contribute to aggregation inside a m ixture w ith 
IT-F3HT. The aggregation could be identified by eye.
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Figure 4.10 Current density -  voltage characteristic of hybrid rr-P3HT:20 nm ZnO 
NPs PVs in dark and simulated light (AM 1.5G).
4.5.3 Hybrid photovoltaic cells incorporating SOnm ZnO NPs
In this research, commercial 50 nm ZnO NPs doped with A1 were also used based on 
the device architecture given in the Chapter 4.4.2 Moreover, a TiOx interfacial layer 
between an active layer and a cathode was used as hole blocking layer and optical 
spacer to encourage the improvement o f a polymer/inorganic cell.[l 16]
From the overall trend given in Table 4.3 and figure 4.11, it is evident that the 
performance of the hybrid PV device with 50 nm ZnO NPs is better in comparison to 
cells incorporating the 20 nm NPs. Furthermore, as was previously observed, the 
introduction of the TiOx layer has also led to improvements in the device performance 
parameters. In rr-P3HT:50 nm NP devices with a TiOx layer, there was much higher 
power conversion efficiency of 0.041 % than in a cell without TiOx which displayed a 
PCE of 0.016 %. The primary reason for the observed improvement in the
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performance of device is the higher Vqc resulting from the effect of TiOx layer, which 
is obtained from the additional Voc produced by rr-P3HT enriched area on top of the 
photo-active layer contacted with TiOx. Blocking a hole flow toward a cathode, which 
contribute to the creation of loss current, also leads to the better Jsc of a cell. 
Moreover, even though the bigger size ZnO was used in a device, a 50 nm ZnO NPs 
cell had substantially higher Vqc and FF than a cell with 20 nm ZnO NPs. This is 
mainly attributed to the lower number of defect states in the 50 nm ZnO NPs as 
discussed previously in chapter 4.3.2.
Table 4.3 Photovoltaic device parameters of rr-P3HT:50 nm ZnO NPs devices with and
without TiOr.
TiOx Voc Jsc FF Efficiency
layer (V) (mA/cm^) (%) (%)
rr-P3HT:50 nm ZnO NPs with 0.24 0.41 42.07 0.041
rr-P3HT:50 nm ZnO NPs without 0.14 0.34 33.81 0.016
without TiOx 
without TiOx in AM 1.50 
with TiOx
with TiOx in AM 1.50 /
> ' 0.0
6  - 0-4
- 0.1 0.0 0.1 0.2 
Voltage (V)
Figure 4.11 Current density -  voltage characteristic of rr-P3HT:50 nm ZnO NP PVs with 
and without TiOx in dark and simulated light (AM 1.5G).
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4.6 Summary
Based on the rr-P3HT:PCBM system, we fabricated the rr-P3HT:PCBM:ZnO NPs 
BHJ solar cells incorporating 20 nm, 200 nm or 300 nm NPs created by HLH 
synthesis or CVTD. Incorporating ZnO NPs in rr-P3HT:PCBM cells did not show any 
improvements in the device performance due to higher series resistance of a device 
and less photo-generated excitons in the active layer. In addition, the interfacial layer 
between an active layer and a cathode, allowed the device performance to be 
improved significantly due to the hole blocking layer and hot metallic shielding effect. 
However, the interfacial layer was not observed to result in an improved performance 
for devices incorporating 300 nm ZnO NPs. due to poor optical absorption and series 
resistance. For a rr-P3HT:PCBM:200 nm NPs cell, Vqc is also not improved due to 
the interface between NPs and TiOx layer. Moreover, using 200 nm ZnO NPs in 
photovoltaic cells provides better device performance with reduced series resistance 
and better optical properties than a device with 300 nm ZnO NPs but, for a rr- 
P3HT:PCBM:20 nm ZnO cell, the defect states of ZnO lead to the lower PCE than a 
cell with 200 nm ZnO NPs.
The performance of hybrid PV devices utilising ZnO NPs of 20 nm and 50 nm 
average particle size as the sole acceptor were investigated. From the results obtained, 
it is evident that the devices utilizing the 50 nm nanoparticles display a far better 
performance compared to devices utilising the 20 nm nanoparticles. This is attributed 
to the larger number of defect states in the latter which adversely affects the device 
performance.
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Chapter 5 
Hybrid bulk-heterojunction PVs with 
rr-P3HT and ZnO formed from highly 
reactive diethyhinc
5.1 Introduction
Initial investigations for hybrid organic/inorganic photovoltaic systems focused on the 
addition of quantum dots, nanorods, multipods and nanoparticles mixed with the 
organic donor.[176] Otherwise, difficulty in identification of a suitable solvent for 
accommodating both the lack of a bicontinuous network upon spin casting the hybrid 
mixture and the organic and inorganic components led to poor device efficiencies. [2 1 , 
40, 41] In order to overcome the above technical difficulty, Beek et al[42] proposed 
the use of diethylzinc (DEZ), which is a molecular precursor that is readily soluble in 
organic media and converts to ZnO upon exposure to moisture at temperatures 
compatible with organic PV device fabrication. Therefore, the use o f DEZ has led to 
several reports on ZnO incorporated hybrid organic-inorganic PVs.[20, 43-45] The 
non-formation of ZnO at room temperature compared to other zinc containing 
metallorganic precursors [46] as well as the possibility of forming a bicontinuous 
network[20] also makes the use of DEZ an attractive route towards forming hybrid 
PV cells.
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In this chapter, the optimization of device characteristics of hybrid PV devices using 
regio-regular poly (3-hexyIthiophene) (rr-P3HT) and ZnO formed with highly 
reactive DEZ will be discussed, with the variation of rr-P3HT concentration, 
annealing temperature o f active layer, spin speed of active layer and PEDOT:PSS 
layer. In addition, the device performances o f hybrid rr-P3HT:ZnO PV devices 
relying on humidity levels during spin-coating the active layer will be examined with 
a critical eye on the role of surface defects on ZnO nanostructures and the disruption 
of the crystallinity o f rr-P3HT.
5.2 Optimisation of hybrid PV cells with a blend of P3HT 
and ZnO
Recently, the most efficient hybrid PV cells incorporating ZnO as an acceptor has 
been a regio-regular poly (3-hexylthiophene) (rr-P3HT):ZnO solar cell fabricated 
using DEZ as a ZnO precursor. [20, 43] In this work, the precursor was converted to 
ZnO during and after the active layer deposition process, by reacting with water 
vapour from the ambient atmosphere. This leads to the formation o f an inorganic 
network within the polymer film. [20] A 2.0 % efficient PV cell was fabricated using 
the above material system. [2 0 ]
Control o f processing conditions is crucial to reach this level o f performance and one 
of the common challenges in the field of hybrid solar cells lies in optimization o f the 
mixed layer. The following section discusses control and optimization of the rr- 
P3HT:ZnO active layer carried out through the variation of processing conditions 
such as annealing temperature of the photovoltaic layer, concentration of rr-P3HT 
and ZnO, humidity during and after spin-coating a solution, and the spin-coating 
speed of the PEDOT:PSS and active layers.
5.2.1 Experimental methods
Glass substrates covered with a patterned ITO (Lumtec, Sheet resistance = 150/d) 
were cleaned with acetone and methanol for 1 0  min respectively in an ultrasonic bath
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and treated with an oxygen plasma in a Plasma Asher. A PEDOT:PSS layer was spin 
cast on the ITO/glass at a spin speed of 5000 rpm for 60 sec and then annealed at 140 
°C for 15 min on a hotplate. The active layer solution was prepared by adding a rr- 
P3HT at 7, 10 and 14.3 mg/ml concentrations in solution with chlorobenzene to a 0.4 
M DEZ with a fixed polymer:DEZ ratio of 2:1. The DEZ solution was prepared by 
mixing 0.9 ml of a 1.1 M DEZ in toluene, with 1.6 ml of tetrahydrofuran (THE). The 
rr-P3HT:ZnO active layer was spin-cast at different spin speeds for 60 sec on the 
PEDOTiPSS layer. During the spin coating process of the rr-P3HT:ZnO layer, the 
relative humidity within the spin coater was maintained at 40 % by controlling the 
nitrogen flow within the spin coater. It was then annealed at a temperature of 100, 120, 
140, and 160 °C on a hotplate subsequent to drying rr-P3HT:ZnO layer for an hour in 
ambient atmosphere. Ultimately, a 90 nm thick A1 layer as a metal cathode was 
thermally evaporated at a vacuum pressure < 6x10'^ Torr. The PV characterization 
was performed with an AM 1.5G simulated irradiation using a 300 W Oriel simulator, 
calibrated to 100 mW/cm^ with a Newport reference solar cell. A Keithley 2425 
source meter was utilised as the electronic load. The device structure of the solar cell 
is displayed in figure 5.1.
rr-P3HT:ZnO
PE DOT: PSS
Figure 5.1 The device structure of hybrid rr-P3HT:ZnO PV.
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5.2.2 Effect of rr-P3HT concentration
The rr-P3HT concentration contributes to the crystalline structure formation of a 
photo-active layer in the BHJ during the active solution preparation in 
chlorobenzene. [177] To optimise device performance in terms of charge generation, 
effective transport and dissociation of electron-hole pairs in a photovoltaic layer, the 
current density-voltage characteristics of the devices were measured by varying the rr- 
P3HT concentration in a mixed solvent system. The resultant devices fabricated using 
different polymer concentrations with a fixed polymer:DEZ concentration are shown 
in figure 5.2 and Table 5.1. Devices fabricated with active layers of both 14.3 and 10 
mg/ml IT-P3HT solutions obtained a much higher Jsc and a FF o f around 2.70 
mA/cm^ and 56 % respectively than a cell using a 7 mg/ml rr-P3HT solution, which 
displayed a Z^cof 2.24 mA/cm^ and a FF of 39 %. Despite the fact that the thickness 
of a PV layer using a solution of 10 mg/ml rr-P3HT concentration has a similar value 
to a layer deposited using a 7 mg/ml rr-P3HT solution, the performance of the cell 
with 7mg/ml rr-P3HT concentration was observed to significantly deteriorate in time. 
It is evident that less rr-P3HT generates a lower performance as the photo-active 
network is not sufficient for absorption to produce a higher photo generated current 
even though the active-layer thickness is similar. Consequently, once a solution of 14 
or 10 mg/ml rr-P3HT concentration was deposited in these cells, the devices 
performed better than a cell with 7 mg/ml rr-P3HT concentration.
Table 5.1 Photovoltaic device parameters of hybrid rr-P3HT:ZnO PVs.
rr-P3HT solution 
(mg/ml)
Thickness
(nm)
Vqc
(V)
Jsc
(mA/cm2)
FF
(%)
Efficiency
(%)
7.0 130 0.600 2.24 39.0 0.525
1 0 . 0 135 0.555 2.71 57.3 0.861
14.3 155 0.576 2.72 55.5 0.870
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Figure 5.2 Current density -  voltage characteristic of hybrid rr-P3HT:ZnO PVs with the 
active layer fabricated by different rr-P3HT concentrations in dark (line) and simulated
light (line and symbol) (AM 1.5G).
5.2.3 Annealing temperature of the active layer
Subsequent to spin-coating the active solution, the annealing process is essential not 
only to remove the solvents inside a fabricated active layer but also to allow rr-P3HT 
to be crystallized. [178] In particular, the annealing temperature is one of the crucial 
factors for rr-P3HT;ZnO solar cells since rr-P3HT in a photovoltaic layer is re­
arranged by the thermal energy in addition to the removal of the remaining 
solvents. [169, 179] For this investigation, the different annealing temperatures at 100, 
120, 140, and 160 °C were used during spin-coating of the active layer. As 
represented in figure 5.3 and Table 5.2, it was observed that cells with 100, 120, and 
140 °C annealing temperatures had similar performance with around 0.8 % power 
conversion efficiency, while for a cell at 1 0 0  °C, there was a lower Jsc  with a much 
higher Vqc compared to the cell annealed at 140 °C. However, using a 160 °C 
annealing temperature, a significantly poorer performance was observed. The primary 
reason is that the blend decomposed to an undesirable formation with the high energy
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annealing process. From  these results, it is evident that an annealing tem perature o f 
120 °C is ideal for obtaining the optim um  surface and the internal m orphology o f  the 
photovoltaic layer, w hich allow s for a w ell-m odified crystallisation o f  rr-P3H T by 
therm al energy. [180]
Table 5.2 Photovoltaic device parameters of hybrid rr-P3HT:ZnO PVs using different
annealing temperatures.
Annealing Voc Jsc FF Efficiency
temp.(°C) (V) (mA/cm2) (%) (%)
100 0.659 2.28 55.1 0.830
120 0.678 2.86 46.1 0.893
140 0.555 2.61 60.2 0.873
160 0.543 2.07 46.3 0.520
Annealing tern p.: 100 
Annealing tern p.: 120" 
Annealing tern p. : 140" 
Annealing temp.:160"
0.4 
Voltage (V)
Figure 5.3 Current density -  voltage characteristic of hybrid rr-P3HT:ZnO PVs with the 
different annealing processes in dark (line) and simulated light (line and symbol) (AM
1.5G).
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5.2.4 Spin-coating speed of the active layer
Spin-coating speed tends to dictate the thickness of a layer and its solvent-drying 
eonditions, whieh is one of the eritical factors for a uniform film providing a suitable 
transport of eleetron and hole pairs.[181] As seen in figure 5.4 optieal transmission is 
measured in a ITO/PEDOT:PSS/rr-P3HT:ZnO cell with a photovoltaic layer spin-cast 
at different speeds. The optical transmission with different spin-easting speeds varies 
significantly in the range between 300 and 700 nm wavelengths. In a eell utilizing 500 
rpm spin speed, 10 % light transmission was observed at a wavelength of 550 nm 
wavelength compared to 23 % of transmission in a eell fabrieated at 1000 rpm. The 
higher absorption at lower spin speeds are attributed the thieker active layers. In 
addition, at 380 nm wavelength, possibly related to the removal o f P3HT and the thin 
film interference effeet,[172] a lower transmission of 48% with 500 rpm was obtained 
eompared to a 57 % transmission with 1000 rpm and even 52 % with 600 rpm.[182]
4 0
S5 20
Spin-coating speed: SOOrpm 
Spin-coating speed: 600rpm 
Spin-coating speed: lOOOrpm
400 600 800
W avelength  (nm)
1000
Figure 5.4 Optical transmission of rr-P3HT:ZnO/PEDOT:PSS/ITO depending on the
spin-coating speed.
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The device performance for rr-P3HT:ZnO active layers in solar cells spin-coated at 
different spin-coating speeds for 60 s are given in figure 5.5 and Table 5.3. Whereas 
all of the rr-P3HT:ZnO eells had similar open circuit voltages at around 0.61V with 
fill factors around 50 %, only cells with photovoltaic layers spin-cast at 500 and 800 
rpm resulted in relatively high short circuit currents at 2.71 and 2.53 mA/cm^, 
respectively. It is predicted that a thin active layer coated at 800 rpm brought about a 
better transport o f dissociated electron-hole pairs through the shortened path-way than 
cells with lower spin-coating speeds due to the short diffusion length (5-10 nm) of 
excitons. [183] On the other hand, in a cell with 500 rpm, even though the dissociated 
electron-hole pairs are expeeted to be poorly transported to each electrode, compared 
to thinner layers, a high absorption in a cell with 500 rpm outweighed the 
disadvantages o f poor transport in the thieker layers due to increased generation of 
excitons. Eventually, once a photovoltaic layer on a cell was spin-east at 500 rpm, the 
highest efficiency o f a rr-P3HT:ZnO cell was achieved.
Table 5.3 Photovoltaic device parameters of hybrid rr-P3HT:ZnO PVs relying on spin
speed of an active layer.
Spin speed of an active Voc Jsc FF Efficiency
layer(rpm)/ (V) 2(mA/cm ) (%) (%)
Aetive layer thickness(nm)
500 /220 0.608 2.72 51.4 0.849
600 /160 0.612 1.87 51.4 0.588
700/130 0.612 2 . 1 0 46.2 0.593
800/100 0.616 2.53 51.2 0.797
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Figure 5.5 Current density-voltage characteristic of hybrid rr-P3HT:ZnO PVs with an 
active layer fabricated by the different spin-speeds in (a) dark and (b) simulated light (AM
1.5G).
5.2.5 The effect of PEDOTiPSS layer
To improve device performanee further, a PEDOT:PSS layer is essential to effectively 
transport holes formed through exciton dissociation in the active layer to the 
anode.[184] The PEDOTiPSS layer on cleaned glass with patterned ITO was spin-cast 
at spin speeds of 2000 rpm and 5000 rpm. Figure 5.6 and Table 5.4 indieates that 
deviees with PEDOTiPSS spin-cast at 5000 rpm gives the highest performance with a 
Jsc of 2.58 mA/cm^ and a FF of 46.0 %, in spite of a low Vqc of 0.67 V compared to 
0.76 V in a eell with 2000 rpm of a spin-eoating speed for PEDOTiPSS. A device 
without PEDOTiPSS did not show diode characteristic, which is obviously 
indispensable for a solar eell. This is likely due to a short cireuit in hybrid PV deviees. 
It is shown that, in a rr-P3HTiZnO photovoltaie eell, a PEDOTiPSS layer is essential 
to provide a proper contact between a photovoltaic layer and the anode.
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Table 5.4 Photovoltaic device parameters of hybrid rr-P3HT:ZnO PVs without and with 
PEDOT.'PSS fabricated at different spin speeds.
PEDOTiPSS 
Spin speed 
(rpm)
Voc
(V)
Jsc
(mA/cm2)
FF
(%)
Efficiency
(%)
Without 0 . 0 2 0.319 26.9 0 . 0 0 2
2 0 0 0 0.76 1.59 42.6 0.516
5000 0.67 2.58 46.0 0.795
E
<
±±
(/>
c
CD
Q
-t—>
c
0 )
3
O
2
1
0
-1
2
without PE DOT. PSS
Spin speed(PEDOT :PSS): 2000rpm
Spin speed(PEDOT PSS): SOOOrpm3
0.40.0 0.2 0.6 0.8
Voltage (V)
Figure 5.6 Current density-voltage characteristic of hybrid rr-P3HT:ZnO PVs without and 
with PEDOT.'PSS fabricated by different spin speeds in dark and simulated light (AM
1.5G).
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5.2.6 Optimisation of rr-P3HT:ZnO photovoltaic devices
In the previous seetions, several investigations were earried out in order to improve 
the performanee for hybrid solar cells. This included the variation of spin-eoating 
speeds of the aetive and PEDOTiPSS layers, annealing temperatures of the 
photovoltaie layer and concentration of rr-P3HT in a mixed solution. We fabrieated 
the highest efficiency rr-P3HT:ZnO BHJ PV eell as follows. A PEDOTiPSS layer on 
ITO/glass was spin-casted at 5000 rpm. Active layers were spin-eoated at the spin 
speed of 500 rpm for 60 sec and then annealing at 120 °C for 30 min after an aging 
time of 60 min. Figure 5.7 shows that a solar cell with 120 °C of an annealing 
temperature results in a Jsc of 3.16 mA/em^, which is compatible with the results 
reported by P. W. M. Blom group.[43] This cell also shows a Voc of 0.596 V and a 
FF of 57.3 %. In the final step, we have produced a 1.08 % hybrid solar eell whieh is 
the best performanee we have achieved and is comparable in terms of hybrid solar 
eells incorporating ZnO reported in the literature [43].
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Figure 5.7 Current density-voltage characteristic of hybrid rr-P3HT:ZnO PVs optimised
in dark and simulated light (AM 1.5G).
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5.3 Control of nanocrystal surface defects for efficient 
charge extraction
5.3.1 Introduction
The efficiencies reported for hybrid devices using DEZ remain poor in comparison to 
devices using fullerene based acceptors. This requires enhanced understanding of 
exciton generation and dissociation, charge transport and subsequent charge 
extraction at the contacts in hybrid PV devices before large scale deployment o f the 
technology can be considered. In this chapter, the steady-state photoluminescence 
(PL), optical absorption spectroscopy and current density -  voltage characteristics of 
the hybrid rr-P3HT:ZnO system are analysed. In order to elucidate the role of surface 
defects on ZnO nanostructures and the disruption of the crystallinity of rr-P3HT, these 
results are linked with the humidity levels used to form the ZnO nanostructures.
5.3.2 Experimental methods
DEZ was used in conjunction with rr-P3HT to fabricate the active layers. The 
solutions were prepared by adding rr-P3HT in chlorobenzene (14.3 mg/ml) to a 0.4 M 
DEZ solution (0.9 ml of a 1.1 M DEZ (Sigma Aldrich) solution in toluene with 1.6 ml 
o f THE). All the chemicals were used as received. For the UV-Visible absorption and 
PL spectroscopy, thin films of rr-P3HT (~ 95 ± 5 nm thickness) and rr-P3HT:ZnO 
blends (160 nm) were spin coated on top of glass (UV-Visible absorption) and Si (PL) 
under different humidity levels for rr-P3HT and rr-P3HT:DEZ solutions. For PL 
mapping, ZnO films were spin-coated on Si substrates between 3 % and 40 % 
humidity levels. A Varian Cary 5000 UV-Visible and Cary Eclipse spectrophotometer 
were used for the absorption and PL spectra, respectively. PV devices were fabricated 
on ITO coated glass (Lumtee, Sheet resistanee = 150/o) that had been previously 
cleaned with acetone and methanol in an ultrasonic bath and subsequently treated with 
an oxygen plasma. PEDOTiPSS (Baytron) was spin coated at 5000 rpm for 60 sec 
and then annealed at 140 °C for 15 min to fabricate the hole transport layer. A 160
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nm thick rr-P3HT:ZnO active layer was then spin cast (spin speed of 600 rpm for 60 
sec) on the PEDOTiPSS layer. During spin coating the rr-P3HTiZnO layer, the 
relative humidity within the spin coater was kept at 3, 10, 20, and 40 % by controlling 
the nitrogen flow within the spin coater. Upon drying for 30 min at a relative humidity 
of ~ 40 ± 5 %, the samples were annealed at 120 °C for 30 min to remove solvents. A 
TiOx precursor solution prepared via the technique described by Park et al [185] was 
then spin coated at 2000 rpm for 40 sec on the rr-P3HTiZnO layer in nitrogen and 
subsequently annealed at 120 °C after aging for 30 min. The Spin coating of 
PEDOTiPSS, rr-P3HTiZnO blend and the TiOx precursor solution, as well as the 
thermal annealing and aging processes were carried out inside a fume hood. Finally, a 
90 nm thick A1 metal electrode was deposited by thermal evaporation at a base 
pressure of ~ 6><10‘^  Torr.
5.3.3 Optical absorption and PL of the blend layer of rr-P3HT and 
ZnO
Figure 5.8 describes the optical absorption spectra obtained for 80 nm thick rr-P3HT 
and rr-P3HTiZnO composite systems. The crystalline nature of rr-P3HT corresponds 
to three vibronic features in wavelength range of 400 to 650 nm in its absorption 
spectrum. The shoulder peak at ~ 607 nm is attributed to the inter-chain interactions 
in the crystalline polymer, while the vibronic features at ~ 512 and 560 nm is related 
to intrachain tc-tu* absorptions. [186] A decline in the relative intensity of the shoulder 
peak at the 607 nm to the peak at 561 nm is observed upon the introduction o f ZnO 
into IT-P3HT indicating a diminish in the rr-P3HT inter-chain interaction.[187] 
Nonetheless, the intensity ratio of the 607 nm and 561 nm peaks appears to be 
independent of the 3~ 40 % relative humidity employed (with values in the range of 
0.37 ~ 0.35 for relative humidity in the range of 10 ~ 40%) implying little or no 
extention in disorder upon exposure to higher humidity levels. Furthermore, the blue 
shift o f the absorption onset at near 607 nm wavelength is observed in comparison to 
the pristine rr-P3HT sample for all humidity levels. Previously reported studies on 
organic systems using fullerene derivatives have ascribed such blue shifts to the 
decrease in the 7i-conjugation lengths of rr-P3HT resulting fi*om conformational chain 
defects (such as twisting or disrupting the planer nature of rr-P3HT) induced by the
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addition of fullerene derivatives.[188] Due to the faet that a disorder in the donor 
phase is eorrelated to the formation of the ZnO aeeeptor phase, a higher peak width 
for the pristine rr-P3HT is not eonsidered as a possible explanation for the apparent 
blue shift. As sueh, the observed blue shift is attributed to the lowering in the 
eonjugation length obtained by the formation of an interpenetrating donor-acceptor 
network during the formation of ZnO. Despite the fact that such an interpenetrating 
network can lead to a more efficient exciton dissociation process, the disorder 
introduced into the organic phase is expected to be unfavorable to the charge transport 
in the donor phase.
rr-P3HT 555 nm
3%(humidlty). rr-P3HT:ZnO 
10%. rr-P3HT:ZnO 
20%. rr-P3HT:ZnO
40%. rr-P3HT:ZnO J  k 607 nm
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Figure 5.8 UV-Vis absorption spectra for rr-P3HT and rr-P3HT:ZnO spin-coated in 3 %, 
10%, 20%, and 40% humidity levels. The arrow shows the blue shift of the hybrid structure
upon exposure to humidity.
Having understood the effect of ZnO formation on the blend structure, current 
attention is shifted towards the effect of humidity on exciton dissociation and charge 
trapping in the photo-aetive layer. The analysis of PL spectroscopy is one of the
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possible routes to investigate both exciton dissociation and radiative recombination. 
Figure 5.9 shows PL spectra obtained for the rr-P3HT:ZnO blend layers prepared 
under different humidity levels and eompared to the spectrum of pristine rr-P3HT. As 
the analysis of the absorption spectrum, the PL spectrum of rr-P3HT is expeeted to 
show two additional vibronic features and a low wavelength emission feature at 
higher wavelengths. It is observed that, via the comparison of the PL spectra of the 
ZnO incorporated with pristine rr-P3HT, the inclusion of the ZnO nanostructures 
contributes to a drop in the PL intensity for the emission features of rr-P3HT with 
raising relative humidity. The PL quenching can be attributed due to an efficient 
dissociation of excitons into free electrons and holes at the polymer-inorganic 
interface, and such free charges recombining non-radiatively resulting in quenching of 
the rr-P3HT PL. Moreover, the rr-P3HT emission peaks are also observed to be blue- 
shifted upon the introduction of ZnO nanostructures into rr-P3HT. While a blue shift 
was observed via optieal absorption spectroscopy, the blue shift of the vibronic 
features in the PL spectra is more obvious compared to the vibronic features in the 
absorption spectra upon the addition of ZnO as a donor. This offers the possibility of a 
further broad emission peak leading to an apparent shift of the rr-P3HT emission 
peaks.
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3%, rr-P3HT:ZnO 
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Figure 5.9 Photoluminescense spectra for rr-P3HT, and rr-P3HT:ZnO spin-coated in
3 %, 10%, 20%, and 40% humidity.
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The PL spectrum of ZnO excited at energies above its band edge absorption are 
known to present two emission peaks: a broad green emission in the wavelength 
region of 450 -  500 nm and a near UV emission peak attributed to the recombination 
of electrons due to band edge excitation. [189] The PL emission maps shown in figure 
5.10 were obtained in the visible wavelength region for films of ZnO nanostructures 
observed under different excitation wavelengths. From the emission maps for ZnO 
formed via the exposure of DEZ in different levels of humidity, the ZnO 
nanostructures exhibit a green emission in the wavelength region o f 400 -  700 nm. 
The blue shift in the rr-P3HT emission for the hybrid nanostructure is observed due to 
this broad green emission from ZnO.
There has been very little agreement on the origin of the ZnO green emission with 
oxygen vacancies or zinc interstitials being attributed as the possible causes for this 
PL emission. [189] Although the defect type related to this emission is difficult to be 
identified, studies reported by Djurisic et al[190] and by Norberg and Gamelin[191] 
has elucidated its origin to the surface of the ZnO nanocrystals. The presence of 
defect states at the surface o f ZnO nanostructures acting as radiative trap sites for 
electrons can contribute to a low short circuit current, high series resistance, and poor 
device efficiency for the rr-P3HT:ZnO hybrid rr-P3HT:ZnO device. Nevertheless, as 
the lower green emission of ZnO formed under a relative humidity of 40% is observed 
compared to that o f the ZnO nanoerystals prepared under a humidity o f 3%, it can be 
noted that the surface area o f the ZnO nanostructures producing defect states is 
lessened under higher humidity. This explanation is in agreement with the improved 
PV device efficiencies of rr-P3HT:ZnO with increasing humidity level.
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Figure 5.10 (a) The mapping ofphotoluminescence for ZnO films spin-casted under 3 %
and (b) under 40% humidity.
In order to investigate the effect of humidity, correlated to the surface defects of ZnO 
nano-strueture, on the PV device performanee, hybrid PV deviees consisting of rr- 
P3HT:ZnO active layers prepared under different relative humidity levels ranging 
from 3 -  40% were studied. Under exposure to different levels of relative humidity.
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the Current density - Voltage characteristics and the related device parameters (Voc, 
Jsc, FF and the device efficiency) are recorded in figure 5.11 and Table 5.5. The 
device performance parameters increased with rising relative humidity. As was 
previously observed via the PL spectra, increasing humidity level contributes to a 
reduction in radiative surface trap states in the ZnO nanostructure, attributed to a 
decrease in the surface area of the ZnO phase. While the lowering in the surface area 
of ZnO can be disadvantageous to the exciton dissociation process, it is favorable in 
decreasing the radiative recombination that can occur at the surface o f ZnO following 
the exciton dissociation. Further investigations were carried out at humidity levels 
higher than moisture content at 40 % required for optimum device performance under 
the conditions. This observation is in agreement with the decrease in exciton 
dissociation attributed to lower interfacial area between rr-P3HT and ZnO. Otherwise, 
the observed for the rr-P3HT:ZnO PVs are lower compared to BHJ devices with 
small molecule acceptors. [192] This suggests that recombination of dissociated 
charges is still noticeable even under the optimum humidity level.
Table 5.5 Photovoltaic device parameters for the hybrid rr-P3HT:ZnO devices at different 
humidity levels with a TiOx interfacial layer.
Humidity Voc Jsc FF Efficiency
(T4) (V) (mA/cm^) (%) (%)
3 0.715 2.71 37.1 0.72
1 0 0.730 2.64 47.4 0.91
2 0 0.735 2.98 44.8 0.98
40 0.780 3.12 48.8 1.19
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Figure 5.11 Current density/voltage characteristics of the best rr-P3HT:ZnO spin-casted 
in 3 % (filled square), 10% (filled circle), 20% (filled triangle), and 40% (filled star) 
humidity under illumination with AM 1.5G simulated solar light.
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5.4 Summary
rr-P3HT:ZnO hybrid bulk BHJ solar cells incorporating a blend of rr-P3HT and ZnO 
was optimised by controlling the thickness of the photo active and PEDOTrPSS 
layers, annealing temperature o f the photovoltaic layer and concentration o f rr-P3HT 
in a mixed solution. Optimised devices displayed a power conversion efficiency of
1.08 % under AM 1.5G with a Jsc o f 3.16 mA/cm^, a Voc o f 0.596 V and a FF of
57.3 %.
In addition, surface defects and the morphology o f the inter-penetrating donor/aceptor 
networks was analysed in a blend layer of rr-P3HT and ZnO, using optical and 
electrical characterization techniques. We observed that the performances of the 
devices are controlled by the humidity level o f the environment during the formation 
of the ZnO phase. More surface defect sites on the ZnO nanostructures are produced 
in a less humid environment hence higher recombination. Under high humidity 
conditions, the interfacial area between the organic donor and ZnO decreases, 
resulting in less exciton dissociation. Therefore, at a level of 40 % of humidity, which 
is an optimum value to minimize charge recombination, the highest efficiency devices 
were achieved.
89
Chapter 6 
Effects of an interfacial layer on the 
performance o f hybrid 
rr-P3HT:ZnO photovoltaics
6.1 Introduction
Recently, there has been a significant interest in developing interfacial layers that 
allow either the enhancement o f the Jsc through suitable matching o f the band 
energies with electrode work functions or the enhancement of the Vqc through the 
formation of dipoles. [193-195] Recently, BCP, LiF, and TiOx interfacial layers have 
been used as electron transport or hole blocking layers for PV devices. [116, 196, 197] 
In particular, o f the interfacial materials widely used, TiOx is o f special interest due 
to its solution processable nature, as well as the alignment o f the conduction band of 
TiOx with the fiillerene based A phase which will allow for efficient charge 
extraction. [116]
In this chapter, we will explain the effects of the interfacial layers o f BCP, LiF, and 
TiOx in hybrid PV devices using rr-P3HT and ZnO formed via solution process with 
DEZ. Particularly, rr-P3HT:ZnO BHJ incorporating TiOx as a hole blocking layer 
performed better than devices with other interfacial layer. The enhancement of PV 
device performance based on rr-P3HT:ZnO BHJs with TiOx will be explained with
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the reference to the electronic properties of the interfaces between active layer and 
metal oxide.
6.2 The effect of an interfacial layer in rr-P3HT:ZnO hybrid 
PV cells
In this chapter, we will explain the effect of BCP, LiF, and TiOx interfacial layers 
between the metal electrode and photo-active layer to enhance the performance of rr- 
P3HT:ZnO hybrid PV devices The thickness of the interfacial layer is a key point for 
effective charge transport which contributes to the improvement of device 
performance. [116] In hybrid rr-P3HT:ZnO PV devices, the different thickness of the 
interfacial layer will be used in order to optimise device performance.
6.2.1 Experimental methods
The active material used in this work was prepared by adding rr-P3HT in 
chlorobenzene (14.3 mg/ml) to a 0.4 M DEZ solution (0.9 ml of a 1.1 M DEZ (Sigma 
Aldrich) solution in toluene with 1.6 ml of THF). PV devices were fabricated on ITO 
coated glass (Lumtec, Sheet resistance = 15 Q/n) pre-cleaned using acetone and 
methanol followed by oxygen Plasma Ashing. PEDOTiPSS was then spin coated at 
5000 rpm for 60 sec and annealed at 140 °C for 15 min to form the hole transport 
layer. A 160 nm thick rr-P3HT:ZnO active layer was then spin cast (spin speed o f 600 
rpm for 60 sec) on the PEDOTiPSS layer. During the spin coating process o f the rr- 
P3HT:ZnO layer, the relative humidity within the spin coater was maintained at 40%. 
Upon drying for 30 min at a relative humidity of ~ 40 ± 5%, the samples were 
annealed at 120 °C for further 30 min to remove solvents. The process conditions, 
including the relative humidity, were optimized for the best performance such that the 
surface defects of the ZnO nanostructure did not lead to significant 
recombination. [198] A TiOx precursor solution of titanium isopropoxide diluted to 
1 : 2 0 0  in methanol was prepared by the technique described by Kim et al. [116] TiOx 
layer in certain samples was continuously spin-coated at 1500 rpm for 40 sec on the
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rr-P3HT:ZnO layer in nitrogen and subsequently annealed at 120 °C after an aging 
process for 30 min. For thermally evaporated transport layers, BCP or LiF layers were 
deposited a pressure o f ~6><10'  ^Torr. Ultimately, a 90 nm thick A1 layer as a metal 
cathode was deposited using the thermal evaporator under the same conditions. The 
overall structure of a typical solar cell is displayed in figure 6 . 1  (a) with the energy 
band structure in figure 6.1 (b). The PV characterisation was performed with an AM 
1.5G simulated irradiation using a 300 W Oriel simulator, calibrated to 100 mW/cm^ 
with a Newport reference solar cell. A Keithley 2425 source meter was utilised as the 
electronic load.
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Figure 6.1 (a) The device structure and (b) the energy band structure of hybrid rr- 
P3HT:ZnOPV with a buffer layer. [116, 140, 169, 170]
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6.2.2 The effect of a BCP layer
The BCP interfacial layer in BHJ solar cells plays a considerable role in terms of 
electron transport and preventing the surface’s destruction from hot metallic particles 
caused when a metal electrode is evaporated. [102] The effect of the BCP interlayer 
thickness for different active layer thicknesses was investigated. As can be seen in 
figure 6.2 (a), the overall trend represents that PV cells with a thinner BCP layer 
produces higher current densities. In particular, for PV cells using a BCP layer with 
the PV layer spin-coated at the spin speeds at 800 rpm and 900 rpm the highest 
current density was obtained at 2.82 mA/cm^, following 2.74 mA/cm^of Jsc for 1 nm 
BCP layer at 500 rpm.
In principle, the electrons generated by light in a cell travel across the BCP by 
tunnelling, where particles penetrate through a potential barrier even if  the total 
energy o f the particles is less than the barrier height. [199, 2 0 0 ] From a higher Jsc in a 
cell with a thinner BCP layer, it is assumed that the tunnelling effect in a thinner BCP 
layer is more effective for an electron transport process and defect states acting as trap 
sites[201], than one in a thicker BCP layer. The reason is that dissociated electrons 
which travel to the cathode face a considerable barrier between the active layer and a 
thicker BCP layer, which makes it difficult for electrons to penetrate the BCP barrier. 
The Voc - BCP thickness characteristics in figure 6.2 (b) shows an opposite trend to 
that of Jsc - BCP thickness characteristics. A cell with a photoactive layer spin-cast at 
900 rpm and a 5 nm BCP inter-layer show a highest Voc o f 0.9 V. It is predicted, in a 
cell with a thicker BCP layer, that more surface charges between the interfacial layer 
and the electrode are created by the accumulation of dissociated electrons blocked by 
the BCP layer. In addition, the high FFs in cells with 1 or 2 nm BCP layers were 
observed as shown in figure 6.2 (c). With a 3 nm BCP layer, cells had the lowest fill 
factor except for a cell with an active layer spin-coated at 800 rpm, whilst the highest 
fill factor recorded was at 63 % in a cell with an active layer spin-cast at 500 rpm with 
a 2 nm BCP layer. As mentioned earlier damage to a photoactive layer is caused by 
hot metallic particles when A1 is deposited on a sample. [102] Therefore, use o f BCP 
is expected to reduce damage to the active layer caused by deposition o f hot metal
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particles. This in turn leads to an improved fill factor which is achieved by a lower 
shunt resistance. Figure 6.2 (d) describes the power conversion efficiency of cells 
depending on different spin-speeds used to coat the active layer and the BCP 
thickness. In cells with 2, 3 and 5 nm BCP layers, there were generally stable figures 
of around 0.85 % with an active layer spin-cast at 800 rpm and 900 rpm and around 
0.75 % with active layers spin coated at 500 rpm and 600 rpm. Nevertheless, the 
efficiencies of cells with a 1 nm BCP layer were generally observed to be 
significantly improved (except for devices with the active layer spin-cast at 500 rpm). 
Also, lower efficiencies were observed for cells without an interlayer compared to 
than cells with a 1 nm BCP layer. In particular, for a cell with 1 nm BCP with an 
active layer coated at 500 rpm, the efficiency reached the highest efficiency of 1.04 %. 
This improvement is again attributed to the shielding of the active layer by BCP 
against hot metal particles during the evaporation process.
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Figure 6.2 (a) short circuit current, (b) open circuit voltage, (c) fill factor, and (d) 
efficiency -  BCP thickness characteristic of solar cells depending on the spin-speed and 
BCP thickness in simulated light (AM 1.5G).
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6.2.3 The effect of a LiF layer
LiF is another promising material used as a hole blocking layer in photovoltaic cells 
[169, 202, 203] due to its large energy band gap and the ability o f depositing a thin 
film through thermal evaporation. [105] The performances o f devices with 1, 2 nm or 
without LiF are shown in figure 6.3 and Table 6.1. From the results obtained, it is 
evident that the incorporation of a 1 nm LiF layer provides a considerably higher Jsc 
of 3.60 mA/cm^ in a rr-P3HT:ZnO PV cell, than with a 2 nm LiF layer {Jsc is 2.66 
mA/cm^) and without LiF (3.21 2.66 mA/cm^). In general, even though the vast 
majority of excitons are generated by rr-P3HT which has a relatively low band-gap at
1.9 eV, some excitons are produced in the ZnO network. [204] A LiF layer prevents 
the leakage flow of holes, which are dissociated from excitons generated in rr-P3HT. 
In this regard, the rr-P3HT:ZnO cell with a 1 nm LiF layer has the highest Jsc of 3.6 
mA/cm^. Nevertheless, the use o f a 2 nm LiF layer did not contribute to the 
improvement of the performance of a cell as it reduces the number o f electrons 
penetrating to the electrode by the tunnelling effect. In addition, a rr-P3HT:ZnO 
photovoltaic cell with a 1 nm LiF layer shows a much lower FF than a cell with a 2 
nm LiF layer. In a cell with a 2 nm LiF, the surface of the photoactive layer was less 
damaged because hot metallic particles were blocked by the LiF layer. However, 
incorporating a 1 nm LiF in a rr-P3HT:ZnO cell is expected to result in more damage 
to the active material due to the direct deposition of hot metallic particles on the 
active layer leading to the observed loss in FF.
Table 6.1 Photovoltaic device parameters of hybrid rr-P3HT:ZnO PVs with and without
LiF buffer layer.
LiF layer Voc Jsc FF Efficiency
(nm) (V) (mA/cm?) (%) (%)
2 nm 0.610 2.66 57.1 0.925
1 nm 0.637 3.60 43.5 0.997
without 0.625 3.21 49.4 0.989
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Figure 6.3 Current density -  voltage characteristic of hybrid rr-P3HT:ZnO PVs with and
without LiF buffer layer (AM 1.5G).
6.2.4 The effect of a titanium oxide layer
In this chapter, a TiOx layer to improve the device’s performance was used as a hole 
blocking layer.[205] A TiOx layer was spin-cast with an optimised spin-speed of 1500 
rpm on a photovoltaic layer prior to depositing an A1 layer and then annealed at 120 
°C for 15 min. As seen in figure 6.4 and Table 6.2, the Vqc in a cell with TiOx was 
improved to 0.713 V in comparison to 0.618 V for a device without TiOx. The 
improved Voc is related to some sort of passivation effect or better coverage.
A cell with a TiOx interfacial layer also had much higher Jsc and FF o f a rr- 
P3HT:ZnO photovoltaic cell than a cell without a TiOx layer. Through blocking the 
flow of dissociated holes toward the cathode by a TiOx layer, the minimised leakage 
of current in a device lead to a high Jsc and FF. Eventually, a rr-P3HT:ZnO 
photovoltaic cell with a TiOx interfacial layer produced the highest efficiency of 
1.15%.
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Table 6.2 Photovoltaic device parameters of hybrid rr-P3HT:ZnO PVs with TiOx layer.
TiOx layer Voc Jsc FF Efficiency
(V) (mA/cm2) (%) (%)
with 0.713 3.31 4&6 1.15
without 0.618 2.97 4&8 &858
Without
w ithout
0.2 0.4 0.6
Voltage (V)
Figure 6.4 Current density -  voltage characteristic of hybrid rr-P3HT:ZnO PVs with TiOx
in dark and light (AM 1.5G).
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6.3 Band alignment at electrode interfaces of rr-P3HT:ZnO 
hybrid PVs
Recently, there has been a significant interest in developing interfacial layers that 
allow either the enhancement of the Jsc through suitable matching o f the band 
energies with electrode work functions or the enhancement of the V q c  through the 
formation of dipoles.[193-195] Of the interfacial materials widely used, TiOx is of 
special interest due to its solution processable nature as well as the alignment of the 
conduction band o f TiOx with the fullerene based A phase which will allow efficient 
charge extraction. [116] In this chapter, we have examined the improvement of 
photovoltaic device performance based on rr-P3HT:ZnO bulk BHJs upon the addition 
of TiOx as a hole blocking layer.
6.3.1 Experimental methods
The rr-P3HT:ZnO layer on top of PEDOT:PSS/ITO/glass was prepared by identical 
processes with chapter 6.2.1. A TiOx precursor solution of titanium isopropoxide 
diluted to 1:200 in methanol prepared using the technique described by Kim et al. [116] 
was then spin coated at 2000 rpm for 40 s on the rr-P3HT:ZnO layer in nitrogen and 
subsequently annealed at 120 °C after aging for 30 min. The spin coating of 
PEDOT:PSS, rr-P3HT:ZnO blend and the TiOx precursor solution, as well as the 
thermal annealing and aging processes were carried out inside a fume hood. Finally, a 
90 nm thick A1 metal cathode was deposited by thermal evaporation at a base pressure 
of -6x10'^ Torr.
UPS and XPS measurements for the analysis o f the chemical and electronic properties 
between the rr-P3HT:ZnO layer and A1 were carried out in ultra-high vacuum. Using 
a hemispherical analyser (SES-100) system with a He I (21.2 eV) gas discharge lamp 
and Mg Ka X-ray source (1253.7 eV), UPS and XPS experiments were performed. 
The UPS data were obtained with applying a -10 V bias to the sample for the work 
function measurement from the low kinetic energy secondary cut-offs, and -5 V bias
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for the HOMO and valence level analysis. The energy band alignment and the dipole 
effect on the interface between metal electrode and a rr-P3HT:ZnO layer were 
obtained using samples with a 100 nm thick layer of the rr-P3HT:ZnO spin-coated at 
800 rpm for 60 sec on Au coated Si and then annealed at 120 °C on a hotplate for 30 
min after slow drying in a petri-dish for 60 min. [206] An A1 electrode was evaporated 
on the rr-P3HT:ZnO and rr-P3HT:ZnO/TiOx layer with the base pressure o f the 
deposition chamber at 5 xlO’^  Torr. The samples were transferred to an analysis 
chamber without breaking the vacuum, and UPS and XPS spectra recorded.
We fabricated rr-P3HT thin films and rr-P3HT/TiOx bilayer PVs with a TiOx 
thickness of less than 20 nm to observe the effect of the TiOx layer. 
CAMECA(IMS-7F) (dynamic SIMS) and cross-section Hitachi SU-70 Schottky field 
emission were also used for the identification o f the device structure. For SIMS 
analysis, the samples were characterised by CAMECA(IMS-7F) using Cs^ (negative) 
and 02^ (positive) primary ion sources. The ^^O, ^^S, ^^Al, "^ T^i, ^^Zn, ^^ I^n and
the ^^ ®Sn signals were recorded and the intensities normalised with Cs^ and 0%  ^
signals. SIMS measurements were also carried out on an A1 cathode on a rr- 
P3HT:ZnO layer.
6.3.2 The structure of hybrid rr-P3HT:ZnO PVs
In order to identify the device structure o f hybrid rr-P3HT:ZnO PVs, a cross-sectional 
SEM image of a rr-P3HT:PCBM blend film fabricated on a ITO/glass substrate is 
represented in figure 6.5 (a). The Al/TiOx/rr-P3HT:ZnO/PEDOT:PSS structure 
formed by the processes o f the fabrication was framed on a ITO/Glass substrate. 
Dynamic SIMS depth profiling outputs was measured on the as-deposited sample 
under the A1 cathode, and the results of distribution of species through the different 
layers o f the device are given in Figure 6.5 (b). The signals o f and ^^Al clearly 
indicate the presence of the cathode while the ^^ I^n and ^^ ®Sn signals allow the 
identification of ITO. For devices with the Al/TiOx interface, a Ti signal was detected 
and ^^Zn was only obtained in the active layer. The ^^S signal appears due to the S 
element of rr-P3HT and PEDOTiPSS under the active layer. Even though obtaining 
the discrete element signals from dynamic SIMS was expected for the further analysis
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of device structure, the noise signals mixed with original signals such as Ti and Sn 
element prevent the quantitative analysis of interfaces and active layer in devices. The 
rough surface of active layer and the unexpected collision of various elements in 
active layer ean contribute to noise signals. [207]
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Figure 6.5 (a) Cross section SEM image of hybrid rr-P3HT:ZnO solar PV with a TiOx 
interfacial layer, (b) SIMS depth profdes obtained on the hybrid proving ^^ S, ^^ Al,
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6.3.3 Device performance of rr-P3HT:ZnO PVs and only rr-P3HT 
PVs with and without TiOx buffer layer
The formation of a rr-P3HT/TiOx related to an enhancement in the photocurrent 
generation can lead to the improved device performance of rr-P3HT:ZnO BHJs. 
Figure 6.6 exhibits that the hybrid PV cell in the absence of the TiOx layer have a Jsc  
of 3.16 mA/cm^, a V q c  of 0.598 V and a FF of 57.3% with a power conversion 
efficiency of 1.08% under AM 1.5G illumination. Otherwise, upon deposition of the 
TiOx interfacial layer, the Foe of a hybrid PV cell was significantly enhanced by 23% 
to 0.738 V with increasing power conversion efficiency to 1.22 %. As the rr-P3HT 
can also be in direct contact with TiOx, the device architecture studied here is likely to 
consist of two cells in series (like a pseudo tandem cell architecture) with the rr- 
P3HT:ZnO and rr-P3HT/TiOx which partially explains the enhancement of open 
circuit voltage. Moreover, degradation of the active layer is also mitigated from the 
thermally evaporated A1 not directly deposited onto the active layer. The formation of 
two cells in series is supported by the drop in the FF to 52.7% with increasing series 
resistance and a comparable Jsc  to the PV cell without the TiOx layer, attributed to 
unbalanced charge transport in the two cells.
0.003
0.000
Z  -0.003
 rr-P3HT
 TiO^ /rr-P3HT-0.006
0.0 0.1 0.2 0.3 0.4 0.5
■(/)
2?
Voltage  (V)
(a)
3  rr-P3HT;ZnO
•— TiO/P3HT:ZnO2
1
1
3
0.0 0.2 0.4 0.80.6
Voltage (V)
(b)
Figure 6.6 Current density-voltage characteristics of (a) devices fabricating only with a rr- 
P3HT without (line) and with (dash dot) the TiOxfdm, and (b) the best rr-P3HT:ZnO 
devices with (dash dot) and without an interfacial TiOx film (lines) in the dark and under 
illumination with AM 1.5G simulated solar light.
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6.3.4 Electronic properties at the metal electrode interface of rr- 
P3HT:ZnO hybrid photovoltaics
6.3.4.1 XPS measurements
XPS spectra were obtained on the active layers with and without the TiOx interfacial 
layer to identify the effect o f the TiOx buffer layer on the properties of rr-P3HT:ZnO 
OPV cells . Figure 6.7 describes the C Is, O Is and Ti 2p XPS core level peaks of rr- 
P3HT:ZnO/TiOx and rr-P3HT:ZnO layers. The peak fitting was carried out using a 
symmetric Gauss-Lorentz function with a Shirley background subtraction to define 
the contribution from the functional groups. The rr-P3HT:ZnO layer describes 
contribution from C-C, C-H (285 eV), C-S, C-OH (285.7 eV) and C -0  (286.5 
eV).[208, 209] While the C -0 and C-OH bonds are derived from O atoms at the rr- 
P3HT/ZnO interfaces, the rr-P3HT component for the rr-P3HT:ZnO film leads to C-C, 
C-H and C-S bonds. The ratio [(C-C, C-H)/(C-OH, C-S)] (estimated by the 
percentage area of the relevant peak (peak area/total area)) was ~3, with a C-C content 
o f ~ 6.27%. The ratio remained unaltered upon depositing of the TiOx layer. 
Nonetheless, C-C, C-H, C-S and C-OH contents decreased by -15  % with increasing 
the C -0 content to 18.10%. During spin-coating o f the TiOx solution, these ratios 
imply that rr-P3HT:ZnO composite was not affected. The O atoms at the rr- 
P3HT:ZnO/TiOx interface leads to the relative increase of C -0 content. O Is core 
level also shows similar behaviour in comparison with C Is. The deconvolution of the 
O Is peak of the rr-P3HT:ZnO layer displays four peaks located at 530, 531, 531.6, 
and 532.6 eV, which indicate the Zn-O, T i-0, C=0, and C -0  groups, 
respectively.[210-213], Zn-O, C=0, and C -0  contents for a rr-P3HT:ZnO layer 
occupied 3.23%, 45.86%, and 50.91%, respectively. Upon the formation of additional 
TiOx layer, the ratio of C -0 to C=0 content was similar to that in the rr-P3HT:ZnO 
layer while C =0 and C -0 contents decreased to 17.98% and 18.80% with the T i-0 
content (63.23%). These outcomes indicate that the rr-P3HT:ZnO BHJ is undamaged 
after spin-coating the TiOx solution. This is also supported via the Zn 2p main peak at 
a binding energy of 1022.9 eV (not shown) not shifted by that fabrication of the TiOx 
layer. In addition, using analysis of the XPS data , the formation of Ti02 in certain
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regions of the film can be confirmed from the Ti 2p XPS peaks.[214] The Ti 2p 
spectra of TiOx layer on rr-P3HT:ZnO blend describes distinct spin-orbit doublets of 
2p3/2 and 2pi/2. Deconvolution contributes to the binding energies at 459.6 eV for the 
2p3/2 peak and 465.4 eV for the 2pi/2, correlated to the Ti^^ state corresponding to 
Ti2 0 3 , while the peaks at 458.7 eV (2p3/2) and 464.3 eV (2pi/2) are linked to Ti from 
TiÜ2 (so called Ti"^^).[215] Further analysis shows that only 37% of the TiOx layer 
was occupied by the crystalline Ti02 bond. The rest of the TiOx layer remains an 
amorphous structure which leads to poor charge transport in the PV devices. [216]
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Figure 6.7 XPS spectra of (a) C Is and (b) O Is of rr-P3HT:ZnO and rr-P3HT:ZnO/TiOx 
layer with (c) the Ti 2p peak of rr-P3HT:ZnO/TiOx layer.
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6.3.4.2 UPS measurements
For the observation of the variation in the energy levels of rr-P3HT:ZnO/TiOx and rr- 
P3HT:ZnO during the deposition o f Al, UPS spectra were obtained, as shown in 
figure 6.8. The “onset” as the extrapolation of the leading edge was defined on each 
spectrum. Figure 6.8 (a, c) shows that the onsets of the valence band peaks relative to 
the Fermi level Ep (binding energy, B.E. = 0 eV), which corresponds to the work 
function, were placed at around 4.0 eV for both rr-P3HT;ZnO and rr-P3HT:ZnO/TiOx 
layers. The work function difference between two layers is regarded as an interface 
dipole formed at the organic/metal interface, created from the charge transfer or 
electron polarization upon contact of the organic molecules on the metal surface. [217] 
The formation of interface dipoles of 0.4 eV and 0.3 eV rr-P3HT:ZnO/Al and TiOx/Al 
interfaces respectively) was obtained from the work function difference between 90 
nm Al and bare rr-P3HT:ZnO/TiOx and rr-P3HT:ZnO layers. Despite the fact that 
these interface dipoles can lead to the effective band alignment for electron extraction, 
a significant improvement of the Jsc was not observed upon inclusion o f the TiOx 
layer (Figure 6.6 (b)). The significant dipole effect at the interface between TiOx and 
rr-P3HT:ZnO contributes to this lack o f an improvement.
Figure 6.8 (b, d) describe the onset position of the HOMO of rr-P3HT inside rr- 
P3HT:ZnO at a B.E. o f 0.7 eV with the onset of the valence band of TiOx layer on rr- 
P3HT:ZnO at a B.E. of ~ 3.3 eV. For the rr-P3HT:ZnO film, the first onset of the 
HOMO region indicates the backbone related to the delocalized state o f rr-P3HT 
while the second onset represents the conduction band of ZnO, blended with the 
sulphur related localised states o f rr-P3HT.[218] Otherwise, from the onset at 0.7 eV, 
it is expected that the top surface consists mostly of rr-P3HT[219], which is 
unfavourable for electron collection at the cathode. The rise in the onset position to a 
B.E. o f 3.5 eV upon addition of the TiOx layer is related to the large band gap and 
low-lying CBM of TiOx on the cathode side. [116]
The discrepancy between the HOMO of rr-P3HT and the valance band maximum 
(VBM) of TiOx can lead to effective electron extraction through a hole blocking 
effect. [220] Nevertheless, TiOx is connected to rr-P3HT at the interface as well as to
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ZnO. [20] Exclusively a 0.2 eV difference between the VBM of TiOx and the VBM of 
ZnO (a B.E. = 3.4 eV) was detected at the ZnO/TiOx interface by the UPS 
measurement o f ZnO/Au (not given). The enhancement of carrier transport obtained 
from the additional TiOx layer is impeded by the insignifieant dipole effect at the rr- 
P3HT:ZnO/TiOx interface compared to the 40 % enhancement in reported by Kim 
et al for rr-P3HT:PCBM PV devices. [116]
Figure 6.8 also exhibits that a considerable shift of the Al work function is detected 
during the first Al deposition steps (0.5 nm) on rr-P3HT:ZnO layer. On the other hand, 
the significant shift for TiOx/Al interface was noted only after the deposition of 4 nm 
of Al layer. The interface dipole is created on the rr-P3EtT/Al interfaee of Al/rr- 
P3HT:ZnO layer, which contributes to the decrease of the Al work funetion[217] and 
the substantial shift in first step Al evaporation on rr-P3HT:ZnO layer. Non­
observation of a strong shift until the deposition of 4 nm of Al on TiOx is attributed to 
either Al atoms pereolating through the underlying layer or the growth of three 
dimensional islands at the beginning. [221] Upon depositing 90 nm Al, the VBM of Al 
film deposited on rr-P3HT:ZnO and rr-P3HT:ZnO/TiOx layer is present at -4 .4  eV, 
which is in agreement with values given in the literature (as measured by UPS).[222]
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Figure 6.8 UPS spectra of (a) work function, and (b) HOMO, valence regions for rr- 
P3HT:ZnO/Al interfaces depending on Ai thickness with (c) work function and (d) valence 
regions for TiOJAl interfaces on a rr-P3HT:ZnO layer.
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The energy diagrams o f pure rr-P3HT/Au and ZnO/Au samples deprived from UPS 
measurements is displayed in figure 6.9 (a, b) to elucidate the work function of rr- 
P3HT in rr-P3HT:ZnO blend layer compared to pure rr-P3HT and estimate the energy 
levels of ZnO. The Au work function (Oau) exposed to air was 4.74 eV. These 
results show the dependence of ZnO and rr-P3HT work function (0zno, Opsur) on Au 
substrates. The Ozno and Opsht are 4.15 eV and 3.85 eV for ZnO/Au and rr-P3HT/Au, 
respectively. While the HOMO offset of rr-P3HT and valence band maximum (VBM) 
of ZnO are detected at 4.69 eV and 7.21 eV, the LUMO offset o f rr-P3HT at 2.79 eV 
and CBM offset of ZnO at 3.81 eV are calculated with a 1.9 eV (rr-P3HT) [206] and 
3.4 eV (ZnO) band gap, respectively.
Figure 6.9 (c) shows the energy band levels of a rr-P3HT:ZnO blend layer The 
interface dipole effect o f rr-P3HT HOMO in rr-P3HT:ZnO blend, obtained by the 
work-function difference between Au and rr-P3HT, increased from 0.59 eV to 0.71 
eV. The increase of dipole effect of rr-P3HT can lead to effective charge transport 
through a re-aligned band structure. [223] Using the band alignment of ZnO obtained 
from figure 6.9 (b), the energy diagram of rr-P3HT:ZnO blend is demonstrated in 
figure 6.9 (c) with the band alignment of ZnO obtained from figure 6.9 (b).
The energy level alignment diagrams of Al/TiOx/rr-P3HT:ZnO and Al/rr-P3HT:ZnO 
structures, derived from UPS spectra, are displayed in figure 6.9 (d) and (e). The work 
function values of the rr-P3HT:ZnO and TiOx/rr-P3HT:ZnO layer are identical at 
around 4.0 eV, respectively. This indicates that the dipole effect on the interface of 
TiOx/rr-P3HT is negligible because of the small work function difference between the 
rr-P3HT:ZnO and TiOx/rr-P3HT:ZnO layer. The detected offsets are observed at 0.68 
eV for HOMO of rr-P3HT and 3.46 eV for VBM of ZnO. The CBM for TiOx was 
also calibrated with a band gap of 3.7 eV. The corresponding values for the LUMO 
level offsets o f rr-P3HT and the CBM for ZnO and TiOx are 2.81, 3.68, and 3.81 eV, 
respectively. The energy barrier between the HOMO level of rr-P3HT and the valence 
band level o f TiOx can contribute to an efficient hole transport in the photo-generated 
charge.
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Figure 6.9 Energy level diagrams of (a) rr-P3HT/Au, (b) ZnO/Au, (c) rr-P3HT:ZnO/Au, 
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figure 6.8.
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6.4 Summary
The BCP, TiOx, and LiF interfacial layers between the photovoltaic layer and the 
metal cathode drives enhanced the device performance in hybrid rr-P3HT:ZnO PV 
cells. A thicker BCP layer contributes to a lower J s c  and a higher V q c  due to the 
diminished electron penetration to the cathode by tunnelling effect and by creating a 
higher surface charge in the interface between BCP and the photo-active layer, 
respectively. In a hybrid rr-P3HT:ZnO cell with an active layer spin-cast at 500 rpm 
with a 1 nm BCP interfacial layer, a considerable improvement of the power 
conversion efficiency was observed by maximising the tunnelling effect and via 
shielding the active layer from hot metallic particles. Furthermore, the highest current 
o f 3.60 mA/cm^ was achieved in a rr-P3HT:ZnO cell with a 1 nm thick LiF layer 
while the V q c  was lower than a cell with a 2 nm LiF layer. It is mainly due to a hole 
blocking effect in a contact surface between the metal electrode and the LiF layer. 
Finally, the highest efficiency of 1.15 % was accomplished in a rr-P3HT:ZnO PV cell 
with a TiOx interfacial layer.
The incorporation of TiOx as a buffer layer in hybrid rr-P3HT:ZnO PV cells has been 
observed to lead to enhanced power conversion efficiencies, accompanied with an 
improvement o f the Fbc- The difference between the CBM of TiOx and HOMO of rr- 
P3HT in the rr-P3HT-rich region/TiOx interface has contributed to the additional V q c  
of the hybrid cell. Analysis of the ratios o f different chemical bonds obtained from 
XPS spectra indicates that the rr-P3HT:ZnO BHJ layer is safe from degradation 
during the deposition of the TiOx layer. However, the FFs o f the devices are observed 
to decreases as a result o f the amorphous content of the deposited TiOx which leads to 
an increased series resistance. Furthermore, the Jsc shows a negligible difference upon 
deposition o f the TiOx interfacial layer on the hybrid active layer. This lack of an 
enhancement in the Jsc is most likely due to the absence of a strong dipole in the 
interface between TiOx and rr-P3HT:ZnO layer.
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Chapter 7
Device performance of hybrid PVs 
with ZnO and thienothiophene 
Polymer
7.1 Introduction
Numerous preliminary investigations have involved the utilization of P3HT or 
MDMO-PPV as the donor polymer. [224] However, recent developments in the 
engineering of novel low-bandgap polymers, have shifted research efforts towards the 
utilization o f such systems in the hybrid BHJ architecture. For example, the use o f 
ester-functionalised poly [(3 -hexylthiophene-2,5 -diyl) - co -(3-(2-
acetoxyethyl)thiophene-2,5-diyl)] (P3HT-E) as a donor has been observed to lead to a 
finer phase separation and higher surface area compared to ordinary rr-P3HT.[44] 
Small band-gap regioregular poly(3-hexylselenophene) (rr-P3HS), which absorbs 
photons of wavelength up to near infrared, was used in the photoactive layer o f hybrid 
PVs with ZnO. [45] However, these devices performed poorly compared to hybrid rr- 
P3HT:ZnO PVs due to the lower external quantum efficiency (EQE) and the 
disordered P3HS at the interface with ZnO. [45] Recently, organic PVs utilizing 
(poly(3,6-dialkyIthieno[3,2-b]thiophene-co-bithiophene) (pATBT) as a donor, with
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phenyl-C61-butyric acid methyl ester (PCBM) or Indene-C60 Bisadduct (ICBA) as an 
acceptor were reported [83]. With a lower HOMO energy level at 5.1 eV[225] 
compared to the HOMO level of rr-P3HT (4.6 eV)[225] the use of pATBT is 
expected to increase the Voc in hybrid BHJ PVs. Furthermore the device performance 
for pATBT based organic PVs utilizing ICBA as an acceptor was observed to be 
correlated with the side chain length of the polymer. [49]
In this chapter, we will reveal the optical, electrical and morphological properties of 
pATBTiZnO blend layers controlled by the chain length of pATBT. Using the various 
thienothiophene copolymers as a donor, the new architectures of hybrid PV cells with 
ZnO were produced and examined. We also absorbed the optical absorption o f a PV 
layer with a thienothiophene copolymer and J-V  curves for devices.
12  Hybrid PVs with ZnO and thienothiophene copolymers
Thienothiophene polymers; poly(3,6-dihexadecyllthieno [3,2-b]thiophene-co- 
selenophene) (pATS), pATBT, and poly(4,4”-didecylbithiophene-co-2,5-selenophene) 
(pTST) are used as a donor in PVs. The chemical structures o f polymers are displayed 
in Table 7.1. The device performance o f BHJ PVs is influenced from the polymer 
molecular weight. [226] The molecular of pTST is the heaviest one at 27,000 g/mol 
(Mn) and 59,000 g/mol (Mw) following pATBT-Cn molecular with 25,400 g/mol 
(Mn) and 47000 g/mol (Mw). The lightest molecular weight is pATS at 19,000 g/mol 
(Mn) and 37,000 g/mol (Mw). pATBT polymers have much high mobility at 0.12 
cm^/Vs in transistors comparison to pATS (0.08 cm^/V-s) and pTST (0.07 cm^/V-s). 
The solubility of polymers in solution is one of the crucial factors to build up the 
crystalline structure, achieved by controlling the aggregate formation, which 
contributes to effective charge transport and better absorption. [227] The solubility of 
pTST in dichlorobenzene is much better at 20 mg/ml than pATBT (10 mg/ml) and 
pATS (10 mg/ml). Overall, pATBT has the highest mobility among the polymers 
tested, in terms of solubility and molecular weight.
110
Table 7.1 Chemical structure, molecular weight, mobility, and solubility in 
dichlorobenzene (DCB) ofpATS, pATBT, andpTST.
Acronym Polymer Mn
(g/mol)
Mw
(g/mol)
Mobility
(cmW's)
Solubility 
in DCB
pATS
Ci2H2 5 ^  ^
■ ® C,2H25
19,000 37,000 0.08 At least 7 mg/ml
pATBT
1^2^ 25
^ C12H25
25,400 47,000 0.12 At least 10 mg/ml
pTST
C10H21 C10H21
27,000 59,000 0.07 At least 20 mg/ml
7.2.1 Experimental method
PV devices were fabricated by spin-coating the above solution on ITO substrates. 
PEDOTiPSS (~ 50 nm thickness) films were spin cast at 5000 rpm for 60 sec and 
then annealed at 140 °C for 15 min to fabricate the hole transport layer. The solution 
was prepared by adding a rr-P3HT, pATBT, pATS or pTST solution in chlorobenzene 
to a 0.4 M DEZ solution mixing 0.9 ml o f a 1.1 M DEZ solution in toluene with 1.6 
ml o f THF. A rr-P3HT, pATBT-Cn, pATS or pTSTiZnO active layer was then spin 
cast with spin speeds of 60 sec on the PEDOTiPSS layer. During the spin coating 
process for the rr-P3HTiZnO layer, the relative humidity within the spin coater was 
maintained at 40 %, which was controlled by the nitrogen flow. Upon drying for 30 
min at a relative humidity of ~ 40 ± 5 %, the samples were annealed on a hotplate at 
120 °C for a further 30 min to remove solvents. The spin coating o f PEDOTiPSS and 
rr-P3HT, pATBT, pATS or pTSTiZnO blend solutions, as well as the thermal 
annealing and aging processes were implemented inside a fume cupboard. Finally, an 
80 nm thick Al metal electrode was deposited by thermal evaporation at a base 
pressure of ~ 6x10'^ Torr. Before the back metallization with Al to form the back 
electrode, some samples were prepared for the analysis of the surface morphology and
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absorption of the active layer. The area o f the photo-active layer was 0.385 cm^. The 
PV characterisation was carried out with AM 1.5 G simulated irradiation using a 300 
W Oriel simulator, calibrated to 100 mW/cm^ with a Newport reference solar cell. A 
Keithley 2425 source meter was used as the electronic load and meter to perform the 
electrical characterization. In order to observe the surface morphology and the 
absorption of active layers, films of rr-P3HT, pATBT, pATS or pTST: ZnO blends 
were prepared by spin-coating on top of PEDOT:PSS/ITO/Glass substrates. The 
measurement o f the optical absorption carried out using a Varian Cary 5000 UV- 
Visible spectrophotometer. The device structure is displayed in figure 7.1.
rr-P3HT, pATBT, pATS orpTST;ZnO
PEDOT:PSS
ITO 
Glass
Figure 7.1 The device structure o f  hybrid rr-P3HT, pATBT, pATS or pTST:ZnO
PVs.
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7.2.2 Optical absorption of hybrid thienothiophene:zinc oxide thin 
films
In order to analyse the optical properties, the rr-P3HT:ZnO, pATBT-CniZnO, 
pATS:ZnO and pTSTiZnO layers were prepared via spin-coating on top of the 
PEDOT:PSS/ITO/glass substrate. Using the Cary 5000, the absorption spectra were 
obtained.
The optical absorption spectra obtained for rr-P3HT, pATBT-Cn, pATS and pTST 
blend layers with ZnO spin coated on PEDOTiPSS coated ITO/glass substrates are 
shown in figure 7.2. All of the absorption spectra were normalized at the 555 run 
wavelength, which offers the highest absorption intensity for rr-P3HT, pATS, and 
pTST blend layer with ZnO, for an accurate analysis o f samples. As described in 
chapter 5.3.3, the vibronic features at ~ 512 and 560 run indicates intra-chain n-7i* 
absorptions and the inter-chain interactions in the crystalline polymer related to the 
shoulder peak at ~ 607 run. [186] For both pATS:ZnO and pTST:ZnO layers, the red 
shift in the absorption spectra were observed compared to rr-P3HT:ZnO layer. The 
vibronic features were shifted to nearly 520 and 566 run, linked to intra-chain intra­
chain 7C-7E* absorptions with the shoulder peaks at around 620 nm related to the 
crystalline polymers. The relative intensity o f the shoulder peak from 607 run to the 
peak at 561 nm is attributed to the inter-chain interaction of polymers. [187] The 
intensity ratio (607 run / 561 nm peak intensity) o f rr-P3HT:ZnO, pATSiZnO and 
pTST:ZnO were recorded as 0.75, 0.73 and 0.70, respectively. The rr-P3HT:ZnO 
layer has the highest ratio indicating there is much more crystalline polymer in the rr- 
P3HT:ZnO blend while, the ratio o f pTST:ZnO layer represents lower quantities of 
crystalline polymer in the blend.
Otherwise, the vibronic features at absorption spectra of pATBT-CniZnO layer show 
a blue shift compared to the rr-P3HT layer. The vibronic feature was detected at 532 
nm with the shoulder peak at nearly 570 run. The amount of shift in pATBT-CniZnO 
layer is much larger than for the pATSrZnO and pTST:ZnO layer. pATBT-CniZnO 
layer is discussed more in depth in section 7.3.2.
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Figure 7.2 The normalized UV-Vis absorption spectra of rr-P3HT,pATBT,pTST, and
pATSiZnO films on glass substrates.
7.2.3 Device performances of hybrid PVs with ZnO and 
thienothiophene
In order to evaluate the device performances of hybrid PVs incorporating the different 
thienothiophene polymers as donor and ZnO as an acceptor, hybrid PV devices using 
rr-P3HT, pATBT-C12, pTST, and pATS polymers were prepared. The device 
performances were optimized by controlling the polymer concentration and spin 
speed during spin-coating of the active layer. The Current density - Voltage 
characteristics are given in figure 7.3.
Table 7.2 displays the recorded performance and device parameters. Comparison of 
the device performances indicates that pTST:ZnO devices as having the the poorest 
performance (PCE of 0.151%) among the materials studied, while rr-P3HT:ZnO 
devices displays the best (0.801%), among those studied. However, considering the 
device perofmance parameters, pATBT displays a higher Voc of 0.79 V compared to
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the 0.655 V Voc for rr-P3HT:ZnO. This is attributed to a deeper HOMO level for 
pATBT compared to that of rr-P3HT.[228] However, the Jsc of the pATBT:ZnO PV 
is observed to be lower at 1.55 mA/cm^ compared to 2.67 mA/cm^ rr-P3HT:ZnO PV. 
This is due to a higher bandgap for pATBT compared to rr-P3HT which leads to less 
efficient photon harvesting from the solar spectrum.. Furthermore, pATSiZnO PVs 
display the next best Voc o f 0.735 V. However, it shows the poorest Jsc at 0.71 
mA/cm^ with a PCE of 0.151 %. For a pTSTiZnO PV, despite a Jsc o f 0.71 mA/cm^ 
which is better than that o f pATS:ZnO, other device performance parameters were 
observed to be poorer. For both pTSTiZnO and pATSiZnO PVs, the poor device 
performances can be attributed to the inefficient charge transport at interfaces 
between polymer and ZnO. [48]
Table 7.2 Photovoltaic device parameters o f  hybrid rr-P3HT:ZnO, pATBT:ZnO,
pATS:ZnO, andpTST:ZnO PVs.
Structure
Voc
(V)
Jsc
(mA/cnV)
FF
(%)
Efficiency
(%)
rr-P3HT:ZnO 0.655 2.67 45.8 0.801
pATBTrZnO 0.790 1.55 42.1 0.517
pATS:ZnO 0.735 0.552 37.1 0.151
pTST:ZnO 0.435 0.71 27.0 0.084
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Figure 7.3 Current density -  voltage characteristic of hybrid rr-P3HT:ZnO, 
pATBT:ZnO, pATSiZnO, andpTST.'ZnO PVs under simulated light (AM 1.5G).
7.3 Device performance of hybrid PVs with ZnO with 
different side-chain lengths of thienothiophene Polymers
The length of the side chain on the conjugated polymer is known to have a significant 
influence on the performance of cell blends with fullerene derivatvies.[229, 230] In 
this chapter, we have attempted to correlate the performance of hybrid BHJ PV 
devices using pATBT with dodecyl (pATBT-Cn) or hexadecyl (pATBT-Ciô) side 
chains, which are displayed in figure 7.4, as the donor and ZnO as the acceptor. One 
of the primary issues in fabricating efficient hybrid BHJs has been the incapability to 
establish a bicontinous network with the donor polymer. In this sense, we used DEZ 
solution, a highly reactive precursor converting to ZnO, to form the desired 
bicontinous network as previously reported.[20, 231]. Figure 7.4 exhibits the chemical 
structure of pATBT-Cn and pATBT-Cie.
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pATBT-Ci2: R= C12H25 
pATBT-Cie: R= C16H33
Figure 7.4 The molecular structures of pATBT(-Cu, -Cu).
7.3.1 Experimental method
The pATBT-Ci6 (Mn 35,500 g/mol; Mw 84,000 g/mol, degree o f polymerisation = 47) 
and pATBT-Ci2  (Mn 26,500 g/mol; Mw 49,500 g/mol, degree of polymerisation = 41) 
used in this study were synthesized by the Stille route as previously reported. [232] 
The number average (Mn) and weight-average (Mw) molecular weight were 
determined by Agilent Technologies 1200 series GPC running in chlorobenzene at 
80°C, using two PL mixed B columns in series, and calibrated against narrow 
polydispersity polystyrene standards. The solutions for an active layer used in this 
work was prepared by adding pATBT-Ci2 or pATBT-Ci6 in chlorobenzene (14.3 
mg/ml) to a 0.4 M DEZ solution (0.9 ml o f a 1.1 M diethyl zinc solution in toluene 
(Sigma Aldrich) with 1.6 ml of THE and 0.3 ml of toluene.
Glass substrates covered with ITO (Lumtec, Sheet resistance = 15  Q/d) were used for 
device fabrication. These substrates were pre-cleaned in a sonication bath with 
acetone and methanol for 10 min each and then treated by UV ozone for 5 min. 
Following the cleaning process, a PEDOTiPSS (Baytron P VP AI 4083) (~ 50 nm 
thickness) was spin coated as the hole transport layer at 5000 rpm for 60 see and then 
annealed at the temperature of 140 °C for 15 min . A pATBT-Ci2 or -Ci6iZnO active 
layer was then spin cast at different spin speeds for 60 sec on the PEDOTiPSS layer. 
During the spin coating process for the active layers, the relative humidity within the
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spin coaler was maintained at 40 %, the optimized value as understood from our 
previously study in Chapter 5.3.[233] Upon drying for 30 min at a relative humidity 
of ~ 40 ± 5 %, the samples were annealed on a hotplate at a 120 °C on for a further 30 
min to remove residual solvents. The spin coating of PEDOTiPSS and pATBT-Ci2 or 
-Ci6iZnO blend solutions, as well as the thermal annealing and aging processes were 
carried out inside a fume cupboard. Finally, an 80 nm thick A1 metal electrode was 
deposited by thermal evaporation at a base pressure of -4x10 ’^  Torr. Prior to 
evaporating the A1 electrode, some samples were prepared for the analysis of the 
surface morphology and absorption of the active layer. The size of photo-active layer 
was 0.385 cm^. The PV characterisation was carried out under AM 1.5G simulated 
solar irradiation using a 300 W Oriel simulator, calibrated to 100 mW/cm^ with a 
Newport reference solar cell. A Keithley 2425 source meter was used as the electronic 
load. In order to observe the surface morphology and the absorption of active layers, 
films of pATBT-C12iZnO and pATBT-C16iZnO blends were prepared by spin- 
coating on top of PEDOTiPSS/ITO/Glass substrates. The measurement of surface 
morphology and absorption were carried out using the ATM (Digital Instruments, 
Nanoscope IV) and Varian Cary 5000 UV-Visible spectrophotometer, respectively. 
The device structure of hybrid rr-P3HTiZnO PVs is displayed in figure 7.5.
» m m m g m
pATBT-Ci2 or CierZnO 
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Glass
Figure 7.5 The device structure of hybrid pATBT-Cj2  or C]6:ZnO PVs.
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7.3.2 Optical absorption of pATBT-CnzZnO and pATBT-CierZnO 
films
Figure 7.6 shows the optical absorption of pATBT-CniZnO and pATBT-Cia: ZnO 
composite layers as observed using UV-Vis absorption spectroscopy to investigate the 
effect of the side-chain length of pATBT on the optical absorption o f the blend. The 
onset of the optical absorption for both pATBT-CniZnO and pATBT-CigiZnO are 
obtained to be at -625 nm. The different side-ehain lengths only contribute to a 
small variation of the optical absorption properties. The optical absorption spectra 
have two absorption features: a significant absorption in the wavelength region of 425 
-  625 nm (due to the donor polymer) and an additional absorption edge at -  380 nm 
displayed in Figure 7.6 (inset). This latter absorption edge is related to the ZnO 
formed in the active layer via the hydrolysis process. [234]
Analyzing the absorption band for the polymer is evident that there exists an 
absorption shoulder in the wavelength region o f 550 -  600 nm. In the case of rr-P3HT 
widely studied as donor for organic PVs, similar transitions are attributed to inter­
chain interactions. [235] Despite the fact that a similar understanding is absent in the 
case of pATBT, it is suspected that similar inter-chain transitions lie behind the weak 
shoulder on the dominant peak observed. Otherwise, the presence o f this shoulder 
peak is more remarkable in the pATBT-CieiZnO blend layer while a similar feature is 
not clearly distinct in pATBT-CniZnO. Due to inter-chain interactions, absorption 
features indicate the ordering of polymers, and it is suggested that the longer side 
chains in pATBT contributes to a more ordered structure in hybrid BHJ PVs using 
ZnO.
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Figure 7.6 The UV-Vis absorption spectra ofpATBT(-Cn, -Cu):ZnO composite layers on
top of PEDOT:PSS/ITO/Glass.
7.3.3 Topography of pATBT-CniZnO and pATBT-Cig ZnO films
The interface between the active layer and the Al electrode is one of the key factors 
that determine the performance of pATBTiZnO based hybrid BHJ PVs.[236] The 
higher interfacial area for charge extraction can be obtained from an interface between 
an active layer of high surface roughness, and a metal electrode, but a high surface 
roughness also leads to localized field enhancements contributing to the increase of 
leakage currents and hence poor device performance. As such, analysis of the active 
layer topography is considered to be crucial to understand the device performance. 3D 
ATM images were obtained to examine the structural characteristics of the pATBT- 
(Ci2 , Ci6):ZnO/Al interfaces from the surfaces of 180 nm thick pATBT-CniZnO 
(Figure 7.7 (a)) and 220 nm thick pATBT-C]6:ZnO (Figure 7.7 (b)) blend layer for 
optimised devices. The root mean square (RMS) roughness of pATBT-C^iZnO and 
pATBT-Ci6:ZnO were observed at 57 nm and 34 nm, respectively. The lower surface 
roughness for the active layer with the longer polymer side chain implies that the
1 2 0
performance of device based on this blend is likely to be better compared to that of 
the active layer with the shorter polymer side chain length.
m
(b)
Figure 7.7 3-D AFM images of the surface of (a) pATBT-Ci2 :ZnO and (b) pATBT-
Cj6.‘ZnO blend layers.
121
7.3.4 Thickness dependant device performance of hybrid pATBT- 
Ci2:ZnO and pATBT-Ci6:ZnO PVs
The thickness of the photo active layer is another factor controlling the device 
performance. For most BHJ PV devices, an optimum photo-active layer thickness in 
the range of 80 -  1 0 0  nm is preferred, in order to minimize charge recombination 
while optimizing optical absorption. [164] In this chapter, the thickness of the 
pATBTiZnO blend layer was managed by spin-coating the active layer under 
different spin speeds. Figure 7.8 describes that the resulting performance parameters 
for devices with different active layer thicknesses. The increment of Voc for both 
pATBT-Ci2 and pATBT-Cig PVs (Figure 7.8 (a)) was observed with the active layer 
thickness. For PV devices with the 100 nm thick active layer, the V q c  of PV with 
pATBT-Ci2 was low at 0.183 V while pATBT-CigiZnO PV displays a V q c  of 0.590 V, 
at the same thickness. Upon inereasing the thickness of the active layer, the V q c  of 
pATBT-Ci2 :ZnO and pATBT-CigiZnO PVs increased and then saturated at 
thicknesses greater than 180 nm. This indicates that for the architecture used in this 
study, active layers thicker than 180 nm are required in order to obtain optimum 
device performance in terms of the V q c  (it is noted here that we have intentionally 
chosen to forgo the use of an electron transport layer with obtaining a better 
understanding the performance of the device due to the active layer). Moreover, the 
overall V q c  of pATBT-Ci6 :ZnO PVs is much higher than pATBT-CniZnO PVs due 
to a rougher surface o f pATBT-Ci2 :ZnO layer leading to electrical contact problem at 
the metal cathode with increased average domain size at the metal cathode than in 
pATBT-Ci6 :ZnO PVs.[237] The maximum V q c  of both pATBT-Ci6 :ZnO PVs and 
pATBT—Ci2 :ZnO, at around 0.80 V is much better than V q c  of hybrid PV devices 
using rr-P3HT without a buffer layer, at ~ 0.60 V, which is obtained previously in 
Chapter 6.3 [238]. This is attributed to the lower lying HOMO level of pATBT, which 
contributes to a higher energetic difference between the HOMO of the donor polymer 
and the conduction band edge of ZnO compared to hybrid PV with rr-P3HT.[239]
The active layers are observed with the trends for Jsc (figure 7.8 (b)) o f pATBT- 
Ci6 :ZnO and pATBT-Ci2 :ZnO PVs to display opposing trends for thicknesses under 
220 nm. As the active layer thickness is increased, the Jsc for h-BHJ PVs is observed
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to increase for pATBT-CieiZnO compared to hybrid BHJ PVs of pATBT-CniZnO, 
which displays a decreasing trend. The maximum Jsc for pATBT-CniZnO was 
obtained for an active layer thickness of 100 nm, while the maximum for pATBT- 
Ci6 :ZnO PV was observed to be at 220 nm. The variation in properties around 220 
nm thick layers indicates that the thickness o f the active layer is sensitive in the 
hybrid system using pATBT. A rise in the Jsc is expected for thicknesses of -220 nm 
due to less optical interference effects led by the incident light and the reflected light 
from the mirror metal electrode, compared to devices with thinner active layer (less 
than 220 nm thickness). [240] Nevertheless, the lack of a similar trend for pATBT- 
Ci2 :ZnO is attributed to the less ordered nature o f the polymer in the active layer. [2 0 ] 
Figure 7.8 (c) describes the FF o f hybrid PV devices. The FF of pATBT-CigiZnO 
PVs was higher than pATBT-CniZnO PVs for the thinnest active layers. Otherwise, 
for thicknesses over 150 nm, the FFs o f pATBT-CniZnO PVs were stable at around 
45 %, while the FFs o f pATBT-CigiZnO PVs were recorded at under 40 % with the 
exception of PVs with near 200 nm thickness. The highest FF of pATBT-CniZnO 
and pATBT-Ci6 :ZnO PVs was obtained at 45.7 % and 52.5 % for a 180 nm and 220 
nm thick layers, respectively.
PCE is a convolution of (a), (b) and (c). Overall PCEs of pATBT-C^rZnO PVs were 
higher than hybrid PVs using pATBT-Cig. However, with around 220 nm thickness, 
pATBT-Ci6 :ZnO PVs have much higher PCEs compared to devices with pATBT-C^. 
The combined effects of charge generation and collection can be optimised with -  
220 nm thickness in hybrid devices using ZnO formed by DEZ precursor. [20] The 
highest power conversion efficiencies (PCE) for the above devices were 0.692 % and 
1.02 % for pATBT-Ci2 :ZnO PV (180 nm thick layer) and pATBT-CigiZnO PV 
devices ( 2 2 0  nm thick layer), respectively.
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Figure 7.8 (a) Vqo (b) Jsa (c) FF, and (d) PCE of pATBT-Cn:ZnO andpATBT-Ci^'.ZnO
PVs versus active layer thickness.
7.3.5 External quantum efficiency of optimised hybrid pATBT- 
Ci2:ZnO and pATBT-CieiZnO PVs
The EQE of the optimised pATBT-CniZnO and pATBT-Ci6 :ZnO PVs are displayed 
with the ratio of the pATBT-Ci6 :ZnO EQE intensity to pATBT-CniZnO intensity in 
figure 7.9. From the relative EQE intensity curve, it is evident that EQE of hybrid 
pATBT:ZnO PVs increased with expanding side-ehain length. This is attributed to 
better ordered pATBT polymer and smooth surface of a photoactive layer, which are 
favourable for device performance. The EQE ratio of pATBT-Ci6 :ZnO/pATBT- 
Ci2 :ZnO describes the biggest improvement (39 %) at 395 nm wavelength, while a 
ratio of 1.26 was observed for the second peak at 510 nm wavelength. This is 
attributed to the better optical absorption in the wavelength related to ZnO in the 
blend layer with the longer side chain length (former peak), due to lower film
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roughness o f active layer[241], as well as an enhanced ordering for the same (latter 
peak). The best EQE was 19.2 % at the 470 nm wavelength for a pATBT-CniZnO PV 
while it was 23.8 % at the 495 nm wavelength for a pATBT-Ci6 :ZnO PV.
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Figure 7.9 The EQE of optimised hybrid pATBT-Cj2 :ZnO and pATBT-Cu>ZnO PVs with 
EQE ratio(pATBT-Ci6:ZnO/pATBT-Cu:ZnO) (inset).
7.3.6 Device performance of optimised hybrid pATBT-CniZnO and 
pATBT-Ci6:ZnO PVs
Figure 7.10 represents the current density-voltage characteristics of the optimised 
pATBT-Ci2 :ZnO and pATBT-Ci6 :ZnO PV under AM 1.5G simulated illumination 
and in dark. As evident from the device characteristics, the performance of a hybrid 
PV with ZnO was substantially improved as increasing the side-chain length of 
pATBT in an active layer. A Jsc for a pATBT-Ci6 :ZnO PV was observed to be 2.77 
mA/cm^ with a V q c  at 0.747 V and a FF at 49.4 %. Upon increasing the side-chain 
length of pATBT, the Jsc was improved by 19% due to the improvement o f the 
ordering of pATBT and smooth surface of an active layer. The V q c  and FF o f a
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pATBT-Ci6 PV were also improved by 11 and 15 % respectively compared to a 
pATBT-Ci2 PV (which has a Jsc  at 0.673 mA/em^, a Vqc at 2.33 V and a FF at 
42.9 %). This significant improvement of the device performance is correlated to the 
enhanced ordering of pATBT, the smooth surface of the active layer, and the less 
aggregation of ZnO. The PCE of hybrid pATBT-Ci6 :ZnO PVs was recorded at 1.02 % 
while pATBT-Ci2 have a PCE only at 0.672 %.
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Figure 7.10 The device performance of optimised hybrid pATBT-Ci2 :ZnO and pATBT-
Cu'ZnO PVs.
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7.4 Summary
Using pATBT, pATS, and pTST thienothiophene copolymers as a donor, the new 
architectures o f hybrid PV cells incorporating ZnO as an acceptor were investigated 
and compared with a hybrid rr-P3HT:ZnO PV. We note the optical absorption peaks 
relating to harvesting efficiency based on rr-P3HT:ZnO blend were red-shifted in 
pATS:ZnO and pTST:ZnO blend and blue-shifted in pATBT:ZnO blend. Despite the 
fact that the highest power conversion efficiency with a highest Jsc was obtained in a 
hybrid rr-P3HT:ZnO PV device, a pATBTiZnO PV device had the best V q c  among 
hybrid devices. Nonetheless, for pATS:ZnO and pTSTiZnO PVs, poor performance 
was observed with Jsc just under 1 mA/cm^ and FFs at below 40 %. Except for the 
rr-P3HT:ZnO PV, the best device performance with the efficiency at 0.517 % was 
obtained in the hybrid PV using pATBT and ZnO.
pATBT, with different lengths o f the side-ehains attached was used as a donor in 
hybrid PVs with ZnO prepared using DEZ as a precursor. For the blend layer using 
pATBT with a longer side-ehain, the ordering o f pATBT inside the blend layer with 
ZnO were improved with increased absorption intensity in the wavelength related to 
ZnO. AFM imaging revealed smoother surface and less aggregation o f the 
pATBTrZnO active layer in devices with the longer side-ehain of pATBT compared 
to that hybrid PVs with pATBT-Cn. The red-shift o f the EQE peak in pATBT- 
Ci6 :ZnO devices is evidence of the better ordering of pATBT. The EQE in the 
wavelengths related to ZnO was also enhanced compared to pATBT-CniZnO devices. 
These advantages of longer side-chain of pATBT leads to significant improvement of 
the performance of hybrid pATBT:ZnO devices. The highest PCE at 1.02 % was 
obtained in hybrid PVs using the blend of ZnO and pATBT with a Ci6 side-ehain 
while a PCE at 0.672 % was obtained in a pATBT-Ci2 :ZnO cell.
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Chapter 8
Conclusions
The work presented here represents an in-depth study into the device characteristics of 
hybrid BHJ PVs incorporating ZnO as an acceptor. The device performance relying 
on the formation of ZnO NPs used as an acceptor was investigated with the 
optimization of hybrid PV devices. The profitable factors determining the device 
performance o f hybrid PVs incorporating ZnO formed via solution processed DEZ 
precursor were investigated using the analysis of optical properties of active layer. In 
order to accomplish further enhancement of the devices, the effect o f different buffer 
layer was investigated using the analysis o f electronic properties at the metal 
electrode/aetive layer interface. In addition, the device performances of hybrid PV 
cells with thienothiophene polymers as a donor were evaluated and the effect of side- 
chain of thienothiophene polymer was investigated with optical properties and 
morphological properties of active layer.
8.1 ZnO Nanoparticles (NPs) in bulk hetero-junction solar 
cells
Initially, BHJ devices incorporating a photoactive layer with rr-P3HT, PCBM, and 
ZnO NPs using 20 nm or 300 nm NPs fabricated via HLH synthesis or CVTD.
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Adding ZnO NPs within a rr-P3HT:PCBM active layer in cells did lead to an 
improved device performance due to higher series resistance and less photo generated 
excitons in the active layer. Besides, the significant enhancement o f device results 
fi*om the BCP or TiOx interfaeial layer. This is mainly due to the fact that the 
interfaeial layer plays an important role as a hole blocking layer, hot metallic 
shielding layer, and optical spacer. Such interfaeial layers were not observed to have a 
significant impact on rr-P3HT:PCBM:300 nm ZnO NP devices due to a coarse 
interface between the active layer and the electrodes caused by larger ZnO NPs. 
Generally, using smaller size ZnO NPs in photovoltaic cells provided better 
performed devices due to lower series resistance and higher number o f generated 
excitons.
Even though an improvement was expected upon the incorporation of 20 nm ZnO 
NPs a degradation in the device performance was observed. In this respect, a rr- 
P3HT:50 nm ZnO NPs cell have better performance compared to a rr-P3HT:20 nm 
ZnO NPs cell. This conflicting result indicates that the considerable defect states of 
NPs in a rr-P3HT:20nm ZnO NPs PV offset the advantages o f small size NPs. 
Furthermore, for a hybrid cell incorporating ZnO NPs, a TiOx interfaeial layer 
contributes positively towards enhancing the efficiency of rr-P3HT:ZnO NPs cells 
due to the hole blocking. For the initial investigations carried out using rr-P3HT as a 
donor and ZnO NPs as an acceptor, the highest power conversion efficiency achieved 
was of 0.04 % with a short circuit current density o f 0.41 mA/cm^ under AM 1.5G 
illumination (100 mW/em^).
8.2 Hybrid bulk-heterojunction PVs with rr-P3HT and ZnO 
formed from highly reactive diethylzinc
Following the initial investigations on incorporation of ZnO NPs as acceptors, the 
subsequent efforts involved the utilisation of highly reactive DEZ in order to form 
proper phase separated hybrid BHJ thin films. Initial efforts for optimising this 
architecture involved studies on optimisation of the PEDOTiPSS and active layer 
thicknesses, identification of suitable concentration for rr-P3HT and optimum thermal 
annealing temperatures. The best performing hybrid cell using rr-P3HT and precursor
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ZnO was accomplished with a solution consisting of rr-P3HT at a concentration of 
14.3 mg/ml concentration, a spin speed of 500 rpm during spin-coating with 
subsequent annealing at 120 °C. The optimum condition for PEDOTiPSS coating was 
observed to be at 5000 rpm. The optimised devices showed a PCE of 1.08 %, a Jsc  at 
3.16 mA/cm^, a Vqc at 0.596 V, and a F F  at 57.3 %.
Besides, using optical and electrical characterization techniques, the photoactive 
blend layers of rr-P3HT and ZnO were characterized by preparing under different 
humidity levels during deposition o f photoactive layer. A higher number o f surface 
defect sites on the ZnO nanostructures were observed at a low humidity level during 
spin-coating. However, under higher humidity levels, the less interfaeial area between 
the organic donor and ZnO leads to lower levels of exciton dissociation in the 
photoactive layer. The optimum humidity level was found to be at 40%, which 
allowed a better control o f surface defect states on the ZnO.
8.3 Effects of an interfaeial layer on the performance of 
hybrid rr-P3HT:ZnO photovoltaics
The effect of different electron transport layers on the performance o f hybrid rr- 
P3HTiZnO PV cells was studied using either BCP, TiOx, or LiF layers between 
photovoltaic layer and metal cathode. A lower Jsc  and a higher Foe were obtained by 
using a thicker BCP layer due to the diminished electron penetration to the electrode 
by the tunnelling effect and a higher surface charge in the interface between BCP and 
a photoactive layer, respectively. In a hybrid rr-P3HTiZnO cell with a photoactive 
layer spin-cast at 500 rpm and 1 nm BCP interfaeial layer, the power conversion 
efficiency was significantly improved through maximising the tunnelling of charges 
as well as shielding of the photoactive layers fi*om the hot metallic particles. When 
LiF was used in place o f BCP, a higher Jsc  of 3.60 mA/cm^ was observed with a 1 nm 
thick LiF layer. However a lower Vqc was observed in comparison to devices with a 2 
nm LiF layer. The improved Jsc results from a hole blocking effect in a contact 
surface between metal electrode and LiF layer. However, the best device performance 
was observed when TiOx was used as a buffer layer in hybrid rr-P3HTiZnO solar cells 
which led to the highest power conversion efficiency at 1.15 % which was manily
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driven by an improvement in the Vqc- This improvement was attributed to an 
additional Foe generated as a result o f the formation of an interface between the CBM 
of TiOx and the HOMO of rr-P3HT. Analysis of the ratios o f different chemical bonds 
obtained from XPS spectra show that the rr-P3HT:ZnO BHJ layer is undamaged 
during the deposition of the TiOx layer. The lower FFs observed in these devices was 
attributed to the amorphous content of the deposited TiOx contributing to inereasing a 
series resistance. In addition, upon deposition of the TiOx interfaeial layer, negligible 
change in J^cwas observed in hybrid rr-P3HT:ZnO PVs.
8.4 Device performance of hybrid PVs with ZnO and 
thienothiophene Polymer
In order to achieve further improvements using thienothiophene polymers, pATBT, 
pATS, and pTST thienothiophene copolymers were used as a donor in the new 
architectures o f hybrid cells incorporating ZnO as an acceptor. From optical 
absorption peak related with the efficient energy harvesting, pATSiZnO and 
pTSTiZnO blends are red-shifted with the blue shift in pATBTiZnO compared to the 
optical absorption of rr-P3HT:ZnO blend. It is noted from the intensity ratios (highest 
peak/shoulder peak) that rr-P3HT content in a rr-P3HT:ZnO blend is much more 
crystalline than pATS in pATSiZnO blend and pTST in pTSTiZnO blend. Even 
though a hybrid rr-P3HT:ZnO PV produced the highest power conversion efficiency 
with a high Jsc , the best Voc among hybrid devices was achieved in a hybrid 
pATBTiZnO cell. Otherwise, both pATSiZnO and pTSTrZnO devices performed 
badly with Jsc under 1 mA/cm^ and FFs at below 40 %. Except for the rr-P3HT:ZnO 
cell, the best performed device was obtained in the hybrid cell using pATBT and ZnO. 
Using pATBT and attaching different type of side-ehains with different length were 
used as donor material in blends with ZnO prepared by the sol-gel process using DEZ 
as a precursor to fabricate hybrid PVs. Varying the thicknesses of photo-active layer, 
the optimisation of hybrid pATBTrZnO devices was carried out. In hybrid PVs using 
a pATBTiZnO photo-aetive layer, there were the considerable changes in the ordering 
of pATBT, the surface morphology of an active layer, the device performance, and 
EQE relying on the side chain length of pATBT. For the blend layer with pATBT
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attaching the longer side-chain, the ordering of pATBT inside the blend layer with 
ZnO were enhanced via increasing the absorption intensity in the wavelengths related 
to ZnO as observed with optical absorption spectroscopy. Using AFM to image the 
surface of hybrid PVs with pATBT-Cn, we observed that the longer side-ehain of 
pATBTiZnO cells contribute to the smoother surface and less aggregation. The red- 
shift o f the EQE peak in pATBT-Ci^iZnO PVs can be evident o f the better ordering of 
pATBT in to the photoactive layer. Furthermore, the EQE of wavelengths linked to 
ZnO was improved compared to hybrid pATBT-Cn.'ZnO cells. These advantages of 
PVs with the longer side-chain of pATBT lead to considerably improve the 
performance of hybrid pATBTiZnO devices. The hybrid PVs using the blend of ZnO 
and pATBT-Ci6 show the highest power conversion efficiency at 1 . 0 2  %in this study.
8.5 Suggestions for further research
There are a variety of researches that will supplement this study, including:
> Combination of various ways toward the improvements of device 
performance
The combinations of small size ZnO NPs, the incorporation of a TiOx 
interfaeial layer, the mitigation of ZnO defect states via controlling humidity 
levels, and the use o f pATBT as a donor could allow highly efficient hybrid 
solar cells with a PCE at more than 2 %, which is the highest value among the 
references about hybrid P3HT:ZnO devices[20]. The further studies to 
accomplish the high efficiency hybrid PV devices will be carried out with 
those combinations.
> Incorporating low band gap polymer in hybrid PV devices
Low band gap polymers absorbing over a large range of the solar spectrum 
can be lucrative for collecting solar energy. [242] In hybrid PV devices using 
ZnO formed via solution process with precursor DEZ solution, low band gap 
polymers such as poly {[N,N-9-bis(2-octyldodecyl)-naphthalene-l,4,5,8- 
bis(dicarboximide)-2,6-diyl]-alt-5,59-(2,29-bithiophene)}(P(NDI20D-T2)) 
with 1.45 eV band gap[243], and thienoisoindigo-based polymers with under
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1.6 eV band gap[244] will be used to obtain the high efficiency PV device, 
which is competitive with current organic based PV devices.
> Structural engineering with the various type of metal oxides incorporated 
in hybrid PV applications
Charge transport in the BHJ PV devices is usually restricted by the poorly 
formed electron conducting pathway through hopping. [245] The structure 
consisting of a direct and ordered path for photogenerated electrons such as 
nanorod structure will be used for more effective charge transport in hybrid 
devices.
> Incorporating various metal oxide NPs in hybrid PV devices
Energy level alignment between donor and acceptor is one o f the crucial 
factors for device performance. Particularly, Voc in hybrid PV devices is 
determined by the energy difference between HOMO of polymer and 
conduction band of metal oxides. [228] A variety of metal oxide NPs such as 
CuO will be used to the engineering of energy level alignment for effective 
device performance.
133
References
1. Devabhaktuni, V., et al.. Solar energy: Trends and enabling technologies. 
Renewable and Sustainable Energy Reviews, 2013.19(0): p. 555-564.
2. Service, R.F., Can the Upstarts Top Silicon? Science, 2008. 319(5864): p. 
718-720.
3. Brabec, C.J., Organic photovoltaics: technology and market. Solar Energy 
Materials and Solar Cells, 2004. 83(2-3): p. 273-292.
4. Krebs, F.C., S.A. Gevorgyan, and J. Alstrup, A roll-to-roll process to flexible 
polymer solar cells: model studies, manufacture and operational stability 
studies. Journal of Materials Chemistry, 2009. 19(30): p. 5442-5451.
5. Brémaud, D.J.L., Investigation and Development o f GIGS Solar Cells on 
Flexible Substrates and with Alternative Electrical Back Contacts2009.
6 . Liang, Y.Y., et al.. For the Bright Future-Bulk Heterojunction Polymer Solar 
Cells with Power Conversion Efficiency o f 7.4%. Advanced Materials, 2010. 
22(20): p. E135-+.
7. Tang, C.W., Two-layer organic photovoltaic cell. Applied Physics Letters, 
1986. 48(2): p. 183-185.
8 . Yu, G., et ah. Polymer Photovoltaic Cells: Enhanced Efficiencies via a 
Network o f Internal Donor-Acceptor Heterojunctions. Science, 1995. 
270(5243): p. 1789-1791.
9. Yu, G., et ah. Polymer Photovoltaic Cells - Enhanced Efficiencies Via a 
Network o f Internal Donor-Acceptor Heterojunctions. Science, 1995. 
270(5243): p. 1789-1791.
10. Coakley, K.M. and M.D. McGehee, Conjugated polymer photovoltaic cells. 
Chemistry of Materials, 2004.16(23): p. 4533-4542.
11. Zhou, Y., et ah. Efficiency enhancement for bulk-heterojunction hybrid solar 
cells based on acid treated CdSe quantum dots and low bandgap polymer 
PCPDTBT. Solar Energy Materials and Solar Cells, 2011. 95(4): p. 1232-1237.
12. Celik, D., et ah. Performance enhancement o f CdSe nanorod-polymer based 
hybrid solar cells utilizing a novel combination o f post-synthetic nanoparticle 
surface treatments. Solar Energy Materials and Solar Cells, 2012. 98: p. 433- 
440.
13. Nicolaidis, N.C., et ah, Fullerene contribution to photocurrent generation in 
organic photovoltaic cells. Journal of Physical Chemistry C, 2011.115(15): p. 
7801-7805.
134
14. Takagahara, T. and K. Takeda, Theory o f the quantum confinement effect on 
excitons in quantum dots o f indirect-gap materials. Physical Review B, 1992. 
46(23): p. 15578-15581.
15. Guchhait, A., A.K. Rath, and A.J. Pal, To make polymer: Quantum dot hybrid 
solar cells NIR-active by increasing diameter o f PbS nanoparticles. Solar 
Energy Materials and Solar Cells, 2011. 95(2): p. 651-656.
16. Huang, J., et al.. Multiple Exciton Dissociation in CdSe Quantum Dots by 
Ultrafast Electron Transfer to Adsorbed Methylene Blue. Journal o f the 
American Chemical Society, 2010.132(13): p. 4858-4864.
17. Ren, S., et al.. Inorganic-organic hybrid solar cell: Bridging quantum dots to 
conjugated polymer nanowires. Nano Letters, 2011.11(9): p. 3998-4002.
18. Reese, M.O., et al.. Photoinduced Degradation o f Polymer and Polymer- 
Fuller ene Active Layers: Experiment and Theory. Advanced Functional 
Materials, 2010. 20(20): p. 3476-3483.
19. Gonzalez-Vails, I. and M. Lira-Cantu, Vertically-aligned nanostructures o f  
ZnO for excitonic solar cells: A review. Energy and Environmental Science, 
2009. 2(1): p. 19-34.
20. Oosterhout, S.D., et al.. The effect o f  three-dimensional morphology on the 
efficiency o f hybrid polymer solar cells. Nature Materials, 2009. 8(10): p. 818- 
824.
21. Wong, H.M.P., et al.. Donor and acceptor behavior in apolyfluorene for  
photovoltaics. Journal of Physical Chemistry C, 2007.111(13): p. 5244-5249.
22. Baeten, L., et al.. Towards Efficient Hybrid Solar Cells Based on Fully 
Polymer Infiltrated ZnO Nanorod Arrays. Advanced Materials, 2011. 23(25): 
p. 2802-2805.
23. Wu, M.C., et al.. Using scanning probe microscopy to study the effect o f  
molecular weight o f  poly(3-hexylthiophene) on the performance o f poly(3- 
hexylthiophene) :Ti02 nanorod photovoltaic devices. Solar Energy Materials 
and Solar Cells, 2009. 93(6-7): p. 869-873.
24. Zeng, T.W., et ah. Hybrid poly (3-hexylthiophene)/titanium dioxide nanorods 
material for solar cell applications. Solar Energy Materials and Solar Cells,
2009. 93(6-7): p. 952-957.
25. Lin, Y.Y., et ah. Nanostructured metal oxide/conjugated polymer hybrid solar 
cells by low temperature solution processes. Journal of Materials Chemistry, 
2007.17(43): p. 4571-4576.
26. Gur, h, et ah. Hybrid solar cells with prescribed nanoscale morphologies 
based on hyperbranched semiconductor nanocrystals. Nano Letters, 2007. 
7(2): p. 409-414.
27. Sun, B.Q. and N.C. Greenham, Improved effciency o f  photovoltaics based on 
CdSe nanorods andpoly(3-hexylthiophene) nanofibers. Physical Chemistry 
Chemical Physics, 2006. 8(30): p. 3557-3560.
28. Wang, P., et ah. Photoinduced charge transfer and efficient solar energy 
conversion in a blend o f a red polyfiuorene copolymer with CdSe 
nanoparticles. Nano Letters, 2006. 6 (8 ): p. 1789-1793.
29. Lee, W., et ah. In situ preparation o f  CdS nanoparticles imbedded in a 
polyelectrolyte multilayer for photocurrent generation. Applied Physics 
Letters, 2008. 92(2).
30. Wang, L., et ah. Enhancement o f photovoltaic characteristics using a suitable 
solvent in hybrid polymer/multiarmed CdS nanorods solar cells. Journal of 
Physical Chemistry C, 2007.111(26): p. 9538-9542.
135
31. Watt, A. A.R., et al.. Lead sulflde nanocrystal: conducting polymer solar cells. 
Journal of Physics D-Applied Physics, 2005. 38(12): p. 2006-2012.
32. Luther, J.M., et al.. Stability Assessment on a 2% Bilayer PbS/ZnO Quantum 
Dot Heterojunction Solar Cell. Advanced Materials, 2010. 22(33): p. 3704-+.
33. Kudo, N., et al.. Organic-inorganic hybrid solar cells based on conducting 
polymer and Sn02 nanoparticles chemically modified with a fullerene 
derivative. Solar Energy Materials and Solar Cells, 2007. 91(13): p. 1243- 
1247.
34. Choi, J.J., et al., PbSe Nanocrystal Excitonic Solar Cells. Nano Letters, 2009. 
9(11): p. 3749-3755.
35. Huang, J.S., et al.. Well-aligned single-crystalline silicon nanowire hybrid 
solar cells on glass. Solar Energy Materials and Solar Cells, 2009. 93(5): p. 
621-624.
36. Liu, C.Y., Z.C. Holman, and U.R. Kortshagen, Hybrid Solar Cells from P2HT 
and Silicon Nanocrystals. Nano Letters, 2009. 9(1): p. 449-452.
37. Srikant, V. and D.R. Clarke, On the optical band gap o f zinc oxide. Journal of 
Applied Physics, 1998. 83(10): p. 5447-5451.
38. Look, D.C., Recent advances in ZnO materials and devices. Materials Science 
and Engineering B-Solid State Materials for Advanced Technology, 2001. 
80(1-3): p. 383-387.
39. Kucheyev, S.O., et al., lon-beam-producedstructural defects in ZnO. Physical 
Review B, 2003. 67(9): p. 094115.
40. Boucle, J., H.J. Snaith, and N.C. Greenham, Simple Approach to Hybrid 
Polymer/Porous Metal Oxide Solar Cells from Solution-Processed ZnO 
Nanocrystals. Journal of Physical Chemistry C, 2010.114(8): p. 3664-3674.
41. Wu, S.J., et al.. Investigation o f High-Performance Air-Processed Poly (3- 
hexylthiophenej/Methanofullerene Bulk-Heterojunction Solar Cells. Journal of 
Physical Chemistry C, 2010.114(49): p. 21873-21877.
42. Beck, W.J.E., et al.. Hybrid solar cells using a zinc oxide precursor and a 
conjugated polymer. Advanced Functional Materials, 2005.15(10): p. 1703- 
1707.
43. Moet, D.J.D., et al.. Hybrid polymer solar cells from highly reactive 
diethylzinc: MDMO-PPV versus P3HT. Chemistry of Materials, 2007.19(24): 
p. 5856-5861.
44. Oosterhout, S.D., et al.. Controlling the Morphology and Efficiency o f  Hybrid 
ZnO:Polythiophene Solar Cells Via Side Chain Functionalization. Advanced 
Energy Materials, 2011.1(1): p. 90-96.
45. Oosterhout, S.D., et al.. Hybrid Polymer Solar Cells from Zinc Oxide and 
Poly(3-hexylselenophene). Journal of Physical Chemistry C, 2011.115(38): p. 
18901-18908.
46. Andelman, T., et al.. Morphological control and photoluminescence ofzinc 
oxide nanocrystals. Journal of Physical Chemistry B, 2005.109(30): p. 14314- 
14318.
47. Unalan, H.E., et al.. Rapid synthesis o f  aligned zinc oxide nanowires. 
Nanotechnology, 2008.19(25).
48. Chen, L.M., et al.. Interface investigation and engineering - achieving high 
performance polymer photovoltaic devices. Journal of Materials Chemistry,
2010. 20(13): p. 2575-2598.
136
49. Cho, C.H., et al.. The effect o f  side-chain length on regioregular poly[3-(4-n- 
alkyl) phenylthiopheneJ/PCBM and ICBA polymer solar cells. Journal of 
Materials Chemistry, 2012. 22(28): p. 14236-14245.
50. Pillai, S.O., Solid State Physics20^5\ New Age International (?) Limited.
51. William A. Goddard, I., et al.. Handbook o f Nanoscience, Engineering, and 
Technology2Q\2: CRC PressINC.
52. Shockley, W., The Theory o f P-N Junctions in Semiconductors and P-N  
Junction Transistors. Bell System Technical Journal, 1949. 28(3): p. 435-489.
53. Green, M.A., Solar cells: operating principles, technology, and system 
applications1982: Prentiee-Hall.
54. Fox, D., Physics and chemistry o f the organic solid state\963 \ Interseienee 
Publishers.
55. Gregg, B.A. and M.C. Hanna, Comparing organic to inorganic photovoltaic 
cells: Theory, experiment, and simulation. Journal of Applied Physics, 2003. 
93(6): p. 3605-3614.
56. Pope, M. and G.E. Swenberg, Electronic processes in organic crystals and 
polymersl999: Oxford University Press.
57. Barbour, L.W., et al.. Excitation Transport and Charge Separation in an 
Organic Photovoltaic Material: Watching Excitations Diffuse to Interfaces. 
The Journal o f Physical Chemistry C, 2008.112(10): p. 3926-3934.
58. Lloyd, M.T., Y.-F. Lim, and G.G. Malliaras, Two-step exciton dissociation in 
poly(3-hexylthiophene)/fullerene heterojunctions. Applied Physics Letters,
2008. 92(14): p. 143308-3.
59. Itskos, G., et al.. Efficient dipole-dipole coupling o f Mott-Wannier and Frenkel 
excitons in (Ga,In)N quantum well/polyfluorene semiconductor 
heterostructures. Physical Review B, 2007. 76(3): p. 035344.
60. Castellano, R., Solar Panel Processing20\0\ Archives Contemporaines 
Editions.
61. Lorenzo, E., Solar Electricity: Engineering o f  Photovoltaic Systems1994: 
Progensa.
62. Luque, A. and S. Hegedus, Handbook o f  Photovoltaic Science and 
Engineering2903'. John Wiley & Sons.
63. Nelson, J., The Physics o f  Solar Ce/A2003: Imperial College Press.
64. B ondy opadhy ay, P.K., W=Shockley the transistor pioneer - Portrait o f an 
inventive genius. Proceedings o f the leee, 1998. 86(1): p. 191-217.
65. Di Piazza, M.C. and G. Vitale, Green Energy and Technology: Photovoltaic 
Sources: Modeling andEmulation20l3: Springer London, Limited.
6 6 . Sariciftci, N.S., et al.. Photoinduced Electron-Transfer from a Conducting 
Polymer to Buckminsterfullerene. Science, 1992. 258(5087): p. 1474-1476.
67. Sariciftci, N.S., et al.. Semiconducting Polymer-Buckminsterfullerene 
Heterojunctions - Diodes, Photodiodes, and Photovoltaic Cells. Applied 
Physics Letters, 1993. 62(6): p. 585-587.
6 8 . Nenashev, A.Y., et al.. Theory o f exciton dissociation at the interface between 
a conjugated polymer and an electron acceptor. Physical Review B, 2011. 
84(3): p. 035210.
69. Ziemelis, K.E., et al.. Optical Spectroscopy o f  Field-Induced Charge in 
Poly(3-Hexyl Thienylene) Metal-Insulator-Semiconductor Structures - 
Evidence for Polar ons. Physical Review Letters, 1991. 66(17): p. 2231-2234.
137
70. Halls, J.J.M., et al., Exciton diffusion and dissociation in apoly(p- 
phenylenevinylene)/C-60 heterojunction photovoltaic cell. Applied Physies 
Letters, 1996. 68(22): p. 3120-3122.
71. Brabec, C.J., et al.. Photovoltaic properties o f conjugated 
polymer/methanofullerene composites embedded in a polystyrene matrix. 
Journal of Applied Physies, 1999. 85(9): p. 6866-6872.
72. Shaheen, S.E., D.S. Ginley, and G.E. Jabbour, Organic-basedphotovoltaics. 
toward low-cost power generation. Mrs Bulletin, 2005. 30(1): p. 10-19.
73. Ariel, E., et al.. Core/shell nanomaterials in photovoltaics. International 
Journal of Photoenergy, 2003. 5(4): p. 199-208.
74. Saunders, B.R. and M.L. Turner, Nanoparticle-polymerphotovoltaic cells. 
Advances in Colloid and Interface Science, 2008.138(1): p. 1-23.
75. Helgesen, M., R. Sondergaard, and F.C. Krebs, Advanced materials and 
processes for polymer solar cell devices. Journal of Materials Chemistry, 2010. 
20(1): p. 36-60.
76. Schilinsky, P., et al.. Influence o f  the molecular weight ofpoly(3- 
hexylthiophene) on the performance o f  bulk heterojunction solar cells. 
Chemistry of Materials, 2005.17(8): p. 2175-2180.
77. Sirringhaus, H., N. Tessler, and R.H. Friend, Integrated optoelectronic devices 
based on conjugated polymers. Science, 1998. 280(5370): p. 1741-1744.
78. Bundgaard, E. and F.C. Krebs, Low band gap polymers for organic 
photovoltaics. Solar Energy Materials and Solar Cells, 2007. 91(11): p. 954- 
985.
79. Kroon, R., et al.. Small bandgap polymers for organic solar cells (polymer 
material development in the last 5 years). Polymer Reviews, 2008. 48(3): p. 
531-582.
80. Smestad, G.P., et al.. Reporting solar cell efficiencies in solar energy 
materials and solar cells. Solar Energy Materials and Solar Cells, 2008. 92(4): 
p. 371-373.
81. Boudreault, P.L.T., A. Najari, and M. Leelere, Processable Low-Bandgap 
Polymers for Photovoltaic Applications. Chemistry of Materials, 2011. 23(3): 
p. 456-469.
82. Fei, Z.P., et al., Thiophene fluorination to enhance photovoltaic performance 
in low band gap donor-acceptor polymers. Chemical Communications, 2012. 
48(90): p. 11130-11132.
83. Miller, N.C., et al.. Molecular Packing and Solar Cell Performance in Blends 
o f Polymers with a Bisadduct Fullerene. Nano Letters, 2012.12(3): p. 1566- 
1570.
84. Beck, W.J.E., M.M. Wienk, and R.A.J. Janssen, Efficient hybrid solar cells 
from zinc oxide nanoparticles and a conjugated polymer. Advanced Materials, 
2004.16(12): p. 1009-+.
85. Hindson, J.C., et al.. Morphological Study o f Nanoparticle-Polymer Solar 
Cells Using High-Angle Annular Dark-Field Electron Tomography. Nano 
Letters, 2011.11(2): p. 904-909.
8 6 . Li, Z., et al.. Comparison o f the Operation o f Polymer/Fullerene, 
Polymer/Polymer, and Polymer/Nano crystal Solar Cells: A Transient 
Photocurrent and Photovoltage Study. Advanced Functional Materials, 2011. 
21(8): p. 1419-1431.
87. Huang, J., Z. Yin, and Q. Zheng, Applications ofZnO in organic and hybrid 
solar cells. Energy & Environmental Science, 2011. 4(10): p. 3861-3877.
138
8 8 . Li, P.M., et al.. Zinc Oxide Nanostructures and High Electron Mobility 
Nanocomposite Thin Film Transistors. Electron Devices, IEEE Transactions 
on, 2008. 55(11): p. 3001-3011.
89. Jonsson, S.K.M., et al.. The effects o f  solvents on the morphology and sheet 
resistance in poly (3,4-ethylenedioxythiophene)-polystyrenesulfonic acid 
(PEDOT-PSS) films. Synthetic Metals, 2003.139(1): p. 1-10.
90. Lim, J.A., et al.. Solvent effect o f  inkjet printed source/drain electrodes on 
electrical properties ofpolymer thin-film transistors. Applied Physies Letters, 
2006. 8 8 (8 ).
91. Heuer, H.W., R. Wehrmann, and S. Kirehmeyer, Electrochromic window 
based on conducting poly (3,4-ethylenedioxythiophene)poly (styrene sulfonate). 
Advanced Functional Materials, 2002.12(2): p. 89-94.
92. Groenendaal, L., et al., Poly(3,4-ethylenedioxythiophene) and Its Derivatives: 
Past, Present, and Future. Advanced Materials, 2000.12(7): p. 481-494.
93. Alemu, D., et al.. Highly conductive PEDOTPSS electrode by simple film  
treatment with methanol for ITO-free polymer solar cells. Energy & 
Environmental Science, 2012. 5(11): p. 9662-9671.
94. Derouiche, H. and A.B. Mohamed, PEDOTPSS/SWCNTs as a Transparent 
Electrode for Organic Photovoltaic Devices. Journal of Nanotechnology in 
Engineering and Medicine, 2012. 3(1): p. 010901-4.
95. Friend, R.H., et al.. Electroluminescence in conjugated polymers. Nature,
1999. 397(6715): p. 121-128.
96. Tardy, J., M. Ben Khalifa, and D. Vaufrey, Organic light emitting devices with 
doped electron transport and hole blocking layers. Materials Science & 
Engineering C-Biomimetic and Supramoleeular Systems, 2006. 26(2-3): p. 
196-201.
97. Kishigami, Y., et al.. High efficiency blue organic electroluminescent devices 
having a metal-doped electron injection layer. Synthetic Metals, 2005.153(1- 
3): p. 241-244.
98. Kido, J. and T. Matsumoto, Bright organic electroluminescent devices having 
a metal-doped electron-injecting layer. Applied Physies Letters, 1998. 73(20):
p. 2866-2868.
99. O'Brien, D.F., et al.. Improved energy transfer in electrophosphorescent 
devices. Applied Physies Letters, 1999. 74(3): p. 442-444.
100. Kijima, Y., N. Asai, and S. Tamura, A  blue organic light emitting diode. 
Japanese Journal o f Applied Physies Part 1-Regular Papers Short Notes & 
Review Papers, 1999. 38(9A): p. 5274-5277.
101. Deshpande, R.S., V. Bulovie, and S.R. Forrest, White-light-emitting organic 
electroluminescent devices based on interlayer sequential energy transfer. 
Applied Physies Letters, 1999. 75(7): p. 888-890.
102. Penmans, P., V. Bulovie, and S.R. Forrest, Efficient photon harvesting at high 
optical intensities in ultrathin organic double-heterostructure photovoltaic 
diodes. Applied Physies Letters, 2000. 76(19): p. 2650-2652.
103. Rand, B.P., et al.. Organic solar cells with sensitivity extending into the near 
infrared - art. no. 200508. Applied Physics Letters, 2005. 87(23).
104. Lassiter, B.E., et al.. Organic photovoltaics incorporating electron conducting 
exciton blocking layers. Applied Physics Letters, 2011. 98(24).
105. Samarin, S., et al.. Measurements o f insulator band parameters using 
combination o f single-electron and two-electron spectroscopy. Solid State 
Communications, 2004.129(6): p. 389-393.
139
106. Yoon, J., et al.. Evidence o f band bending observed by electroabsorption 
studies in polymer light emitting device with ionomer/Al or LiF/Al cathode. 
Applied Physics Letters, 2000. 76(16): p. 2152-2154.
107. Shaheen, S.E., et al.. Bright blue organic light-emitting diode with improved 
color purity using a LiF/Al cathode. Journal of Applied Physics, 1998. 84(4): 
p. 2324-2327.
108. Jabbour, G.E., et al.. Highly efficient and bright organic electroluminescent 
devices with an aluminum cathode. Applied Physies Letters, 1997. 71(13): p. 
1762-1764.
109. Hung, L.S., C.W. Tang, and M.G. Mason, Enhanced electron injection in 
organic electroluminescence devices using an Al/LiF electrode. Applied 
Physies Letters, 1997. 70(2): p. 152-154.
110. Brown, T.M., et al., LiF/Al cathodes and the effect o f  LiF thickness on the 
device characteristics and built-in potential o f polymer light-emitting diodes. 
Applied Physics Letters, 2000. 77(19): p. 3096-3098.
111. Waldauf, C., et al.. Highly efficient inverted organic photovoltaics using 
solution based titanium oxide as electron selective contact. Applied Physics 
Letters, 2006. 89(23).
112. van Hal, P.A., et al.. Photoinduced electron transfer and photovoltaic 
response o f a MDMO-PPV : Ti02 bulk-heterojunction. Advanced Materials, 
2003.15(2): p. 118-+.
113. Arango, A.C., et al., Ejfîcient titanium oxide/conjugated polymer photovoltaics 
for solar energy conversion. Advanced Materials, 2000.12(22): p. 1689-+.
114. Bach, U., et al.. Solid-state dye-sensitized mesoporous Ti02 solar cells with 
high photon-to-electron conversion efficiencies. Nature, 1998. 395(6702): p. 
583-585.
115. Breeze, A.J., et al.. Charge transport in Ti02/MEH-PPVpolymer 
photovoltaics. Physical Review B, 2001. 64(12).
116. Kim, J.Y., et al.. New architecture for high-efficiency polymer photovoltaic 
cells using solution-based titanium oxide as an optical spacer. Advanced 
Materials, 2006.18(5): p. 572-+.
117. Battez, A.H., et al., CuO, Zr02 and ZnO nanoparticles as antiwear additive in 
oil lubricants. Wear, 2008. 265(3-4): p. 422-428.
118. Ozgur, U., et al., A comprehensive review o f ZnO materials and devices. 
Journal of Applied Physies, 2005. 98(4).
119. Ohshima, E., et al.. Growth o f  the 2-in-size bulk ZnO single crystals by the 
hydrothermal method. Journal of Crystal Growth, 2004. 260(1-2): p. 166-170.
120. Ntep, J.M., et al., ZnO growth by chemical vapour transport. Journal of 
Crystal Growth, 1999. 207(1-2): p. 30-34.
121. Polyakov, A.Y., et al.. Proton implantation effects on electrical and 
recombination properties o f  undoped ZnO. Journal of Applied Physies, 2003. 
94(5): p. 2895-2900.
122. Look, D.C., et al.. Production and annealing o f electron irradiation damage in 
ZnO. Applied Physics Letters, 1999. 75(6): p. 811-813.
123. Kueheyev, S.O., et al., lon-beam-produced structural defects in ZnO. Physical 
Review B, 2003. 67(9).
124. Shiloh, M. and J. Gutman, Growth ofZno Single Crystals by Chemical Vapour 
Transport. Journal of Crystal Growth, 1971.11(2): p. 105-&.
125. Galli, G. and J.E. Coker, Epitaxial Zno on Sapphire. Applied Physies Letters, 
1970.16(11): p. 439-&.
140
126. Croxall, D.F., et al., Hydrothermal Growth and Investigation o f  Li-Doped 
Zinc-Oxide Crystals o f High-Purity and Perfection. Journal o f Crystal Growth, 
1974. 22(2): p. 117-124.
127. Takahashi, K., A. Yoshikawa, and A. Sandhu, Wide Bandgap Semiconductors: 
Fundamental Properties and Modern Photonic and Electronic DeviceslQQl\ 
Springer.
128. Spoerke, E.D., et al.. Improved performance ofpoly(3-hexylthiophene)/zinc 
oxide hybrid photovoltaics modified with interfacial nanocrystalline cadmium 
sulfide. Applied Physies Letters, 2009. 95(21).
129. Monson, T.C., et al.. Photocurrent Enhancement in Polythiophene- and 
Alkanethiol-Modified ZnO Solar Cells. Advanced Materials, 2008. 20(24): p. 
4755-+.
130. Mikhnenko, O.V., et al., Exciton diffusion length in narrow bandgap polymers. 
Energy & Environmental Science, 2012. 5(5): p. 6960-6965.
131. Briseno, A.L., et al., Oligo- and Polythiophene/ZnO Hybrid Nanowire Solar 
Cells. Nano Letters, 2010.10(1): p. 334-340.
132. Beck, W.J.E., et al.. Hybrid zinc oxide conjugated polymer bulk heterojunction 
solar cells. Journal of Physical Chemistry B, 2005.109(19): p. 9505-9516.
133. Jiang, Z.J., et al.. Preparation and photovoltaic property o f  a new polyfluorene 
derivative/ZnO nanoparticles hybrid composites. Synthetic Metals, 2009. 
159(21-22): p. 2320-2322.
134. Wu, S.J., Q.D. Tai, and F. Yan, Hybrid Photovoltaic Devices Based on Poly 
(3-hexylthiophene) and Ordered Electrospun ZnO Nanofibers. Journal of 
Physical Chemistry C, 2010.114(13): p. 6197-6200.
135. Heeney, M., et al., Regioregular poly(3-hexyl)selenophene: a low band gap 
organic hole transporting polymer. Chemical Communications, 2007. 0(47): p. 
5061-5063.
136. Huang, J.S., C.Y. Chou, and C.F. Lin, Enhancing performance o f  organic- 
inorganic hybrid solar cells using a fullerene interlayer from all-solution 
processing. Solar Energy Materials and Solar Cells, 2010. 94(2): p. 182-186.
137. Park, S., et al.. Effects o f intrinsic ZnO bujfer layer based on P3HT/PCBM 
organic solar cells with Al-doped ZnO electrode. Solar Energy Materials and 
Solar Cells, 2009. 93(6-7): p. 1020-1023.
138. Sekine, N., et al., ZnO nano-ridge structure and its application in inverted 
polymer solar cell. Organic Electronics, 2009.10(8): p. 1473-1477.
139. Yip, H.L., et al.. Self-assembled monolayer modified ZnO/metal bilayer 
cathodes for polymer/fullerene bulk-heterojunction solar cells. Applied 
Physies Letters, 2008. 92(19).
140. Wang, J.C., et al.. Highly efficient flexible inverted organic solar cells using 
atomic layer deposited ZnO as electron selective layer. Journal o f Materials 
Chemistry, 2010. 20(5): p. 862-866.
141. Hsieh, C.H., et al.. Highly Efficient and Stable Inverted Polymer Solar Cells 
Integrated with a Cross-Linked Fullerene Material as an Interlayer. Journal of 
the American Chemical Society, 2010.132(13): p. 4887-4893.
142. Kyaw, A.K.K., et al.. An inverted organic solar cell employing a sol-gel 
derived ZnO electron selective layer and thermal evaporated M o03 hole 
selective layer. Applied Physics Letters, 2008. 93(22).
143. Read, D.T. and J.W. Dally, Theory o f electron beam moire. Journal of 
Research of the National Institute of Standards and Technology, 1996.101(1): 
p. 47-61.
141
144. Goldstein, J., et al.. Scanning Electron Microscopy and X-ray 
MicroanalysislOOl: Springer.
145. Zhou, W. and Z.L. Wang, Scanning Microscopy for Nanotechnology: 
Techniques and Applications2006: Springer.
146. Binnig, G., C.F. Quate, and C. Gerber, Atomic Force Microscope. Physical 
Review Letters, 1986. 56(9): p. 930-933.
147. Averett, L.E. and M.H. Schoenfisch, Atomic force microscope studies o f  
fibrinogen adsorption. Analyst, 2010.135(6): p. 1201-1209.
148. Skoog, D.A., F.J. Holler, and T.A. Nieman, Principles o f  instrumental 
analysis\99%'. Saunders College Pub.
149. Miller, F.P., A.F. Vandome, and J. MeBrewster, Beer-Lambert Law2009: 
Alphascript Publishing.
150. Goldys, E.M., Fluorescence Applications in Biotechnology and Life 
Sciences2009: Wiley.
151. Gfroerer, T.H., Photoluminescence in Analysis o f Surfaces and Interfaces, in 
Encyclopedia o f Analytical Chemistry2006, John Wiley & Sons, Ltd.
152. Riviere, J.C. and S. Myhra, Handbook o f Surface and Interface Analysis: 
Methods for Problem-Solving\99S: Taylor & Francis.
153. Seah, M.P. and W.A. Dench, Quantitative electron spectroscopy o f surfaces: 
A standard data base for electron inelastic mean free paths in solids. Surface 
and Interface Analysis, 1979.1(1): p. 2-11.
154. Photoelectron Spectroscopy: Principles and Applications'. Springer.
155. Flewitt, P.E.J. and R.K. Wild, Physical Methods for Materials 
Characterisation, Second Edition2003\ Inst, of Physics Publ.
156. Viekerman, J.C., A.A. Brown, and N.M. Reed, Secondary ion mass 
spectrometry:principles andapplications\9^9: Clarendon Press.
157. Riordan, C. and R. Hulstrom, What Is an Air Mass-1.5 Spectrum. Conference 
Record of the Twenty First leee Photovoltaic Specialists Conference - 1990, 
Vols 1 and 2, 1990: p. 1085-1088.
158. MeClatchey, R.A., et al.. Optical Properties o f  the Atmosphere (Revised), 
2004.
159. Kim, K , et al.. Roles o f donor and acceptor nanodomains in 6% efficient 
thermally annealed polymer photovoltaics. Applied Physics Letters, 2007. 
90(16).
160. Radbeh, R., et al.. Nanoscale control o f  the network morphology o f high 
efficiency polymer fullerene solar cells by the use o f high material 
concentration in the liquid phase. Nanotechnology, 2010. 21(3).
161. Jayawardena, K.D.G.I., et al.. Morphology Control o f  Zinc Oxide 
Nanocrystals via Hybrid Laser/Hydrothermal Synthesis. Journal of Physical 
Chemistry C, 2010.114(30): p. 12931-12937.
162. Sun, Y., D.J. Riley, and M.N.R. Ashfold, Mechanism ofZnO Nanotube 
Growth by Hydrothermal Methods on ZnO Film-Coated Si Substrates. The 
Journal of Physical Chemistry B, 2006.110(31): p. 15186-15192.
163. Newton, M.C. and P.A. Warburton, ZnO tetrapod nanocrystals. Materials 
Today, 2007.10(5): p. 50-54.
164. van Bavel, S., et al.. Relation between Photoactive Layer Thickness, 3D 
Morphology, and Device Performance in P3HT/PCBM Bulk-Heterojunction 
Solar Cells. Maeromoleeules, 2009. 42(19): p. 7396-7403.
142
165. Zeng, L.C., C.W. Tang, and S.H. Chen, Effects o f  active layer thickness and 
thermal annealing on polythiophene: Fullerene bulk heterojunction 
photovoltaic devices. Applied Physies Letters, 2010. 97(5).
166. Zhang, Q., K. Park, and G. Cao, Synthesis o f ZnO Aggregates and Their 
Application in Dye-sensitized Solar Cells. Material Matters, 2010. 5(1): p. 32-
39.
167. Ozgur, U., et al., A comprehensive review ofZnO materials and devices.
Journal of Applied Physies, 2005. 98(4): p. 041301-041301-103.
168. Zhang, Y., et al., A Simple and Effective Way o f  Achieving Highly Efficient 
and Thermally Stable Bulk-Heterojunction Polymer Solar Cells Using 
Amorphous Fullerene Derivatives as Electron Acceptor. Chemistry of 
Materials, 2009. 21(13): p. 2598-2600.
169. Lee, S.H., et al.. Effect o f  Metal-Reflection andSurface-Roughness Properties 
on Power-Conversion Efficiency for Polymer Photovoltaic Cells. Journal of 
Physical Chemistry C, 2009.113(52): p. 21915-21920.
170. Kim, H., M. Shin, and Y. Kim, Influence o f thermal annealing on the 
deformation o f  a lithium fluoride nanolayer in polymer : fullerene solar cells. 
Epl, 2008. 84(5).
171. Yamamoto, T., H. Song, and H. Makino, Effects o f  grain boundary scattering 
on carrier transport o f  highly transparent conductive Ga-doped ZnO 
polycrystalline films, physica status solidi (c), 2013.10(4): p. 603-606.
172. Dennler, G., et al.. Angle dependence o f external and internal quantum 
efficiencies in bulk-heterojunction organic solar cells. Journal of Applied 
Physics, 2007.102(5): p. 054516-7.
173. Li, P.M., et al.. Zinc Oxide Nanostructures and High Electron Mobility 
Nanocomposite Thin Film Transistors. leee Transactions on Electron Devices,
2008. 55(11): p . 3001-3011.
174. Hayakawa, A., et al.. High performance polythiophene/fullerene bulk- 
heterojunction solar cell with a TiOfsub x] hole blocking layer. Applied 
Physics Letters, 2007. 90(16): p. 163517-3.
175. Qi, B. and J. Wang, Fill factor in organic solar cells. Physical Chemistry 
Chemical Physics, 2013.
176. Li, S.S., et al., Polymer/Metal Oxide Nanocrystals Hybrid Solar Cells. leee 
Journal o f Selected Topics in Quantum Electronics, 2010.16(6): p. 1635-1640.
177. Back, W.H., et al.. Effect o f P3HT:PCBMconcentration in solvent on 
performances o f  organic solar cells. Solar Energy Materials and Solar Cells,
2009. 93(8): p. 1263-1267.
178. Padinger, P., R.S. Rittberger, and N.S. Sariciftci, Effects o f postproduction 
treatment on plastic solar cells. Advanced Functional Materials, 2003.13(1): 
p. 85-88.
179. Yin, B., et al.. Solution-processed bulk heterojunction organic solar cells 
based on an oligothiophene derivative. Applied Physies Letters, 2010. 97(2).
180. Mihailetchi, V.D., et al.. Charge Transport and Photocurrent Generation in 
Poly (3-hexylthiophene): Methanofullerene Bulk-Heterojunction Solar Cells. 
Advanced Functional Materials, 2006.16(5): p. 699-708.
181. Dennler, G., M.C. Scharber, and C.J. Brabee, Polymer-Fullerene Bulk- 
Heterojunction Solar Cells. Advanced Materials, 2009. 21(13): p. 1323-1338.
182. Ma, J., et al.. Preparation and characterization o f ZnO films by an 
evaporating method. Journal of Vacuum Science & Technology A: Vacuum, 
Surfaces, and Films, 1995.13(1): p. 92-94.
143
183. Halls, J.J.M., et al., Exciton diffusion and dissociation in apoly(p- 
phenylenevinyîene)/C[sub 60] heterojunction photovoltaic cell. Applied 
Physies Letters, 1996. 68(22): p. 3120-3122.
184. Yang, J.S., et al.. Hole Transport Enhancing Effects o f  Polar Solvents on 
Poly (3,4-ethylenedioxythiophene): Poly (styrene sulfonic acid) for Organic 
Solar Cells. Aes Applied Materials & Interfaces, 2012. 4(10): p. 5394-5398.
185. Park, S.H., et al.. Bulk heterojunction solar cells with internal quantum 
efficiency approaching 100%. Nature Photonics, 2009. 3(5): p. 297-U5.
186. Chen, T.A., X.M. Wu, and R.D. Rieke, Regiocontrolled Synthesis o f  Poly (3- 
Alkylthiophenes) Mediated by Rieke Zinc - Their Characterization and Solid- 
State Properties. Journal o f the American Chemical Society, 1995.117(1): p. 
233-244.
187. Pal, T., M. Arif, and S.I. Khondaker, High performance organic 
phototransistor based on regioregular poly (3-hexylthiophene). 
Nanotechnology, 2010. 21(32).
188. Yang, Y., et al., "Solvent annealing" effect in polymer solar cells based on 
poly (3-hexylthiophene) and methanofullerenes. Advanced Functional 
Materials, 2007.17(10): p. 1636-1644.
189. Djurisic, A.B. and Y.H. Leung, Optical properties ofZnO nanostructures. 
Small, 2006. 2(8-9): p. 944-961.
190. Djurisic, A.B., et al.. Photoluminescence and electron paramagnetic 
resonance ofZnO tetrapod structure. Advanced Functional Materials, 2004. 
14(9): p. 856-864.
191. Norberg, N.S. and D.R. Gamelin, Influence o f surface modification on the 
luminescence o f colloidal ZnO nanocrystals. Journal of Physical Chemistry B, 
2005.109(44): p. 20810-20816.
192. Nismy, N.A., et al., Photoluminescence Quenching in Carbon Nanotube- 
Polymer/Fullerene Films: Carbon Nanotubes as Exciton Dissociation Centres 
in Organic Photovoltaics. Advanced Materials, 2011. 23(33): p. 3796-+.
193. Wang, Y.K., J.M. Zhang, and M. Lan, Temperature Effects on ZnO Film 
Electrodeposition. Aeta Physico-Chimica Sinica, 2009. 25(10): p. 1998-2004.
194. Kang, B., L.W. Tan, and S.R.P. Silva, Fluoropolymer indium-tin-oxide buffer 
layers for improved power conversion in organic photovoltaics. Applied 
Physies Letters, 2008. 93(13).
195. Adikaari, A.A.D.T., D.M.N.M. Dissanayake, and S.R.P. Silva, Organic- 
Inorganic Solar Cells: Recent Developments and Outlook. leee Journal o f 
Selected Topics in Quantum Electronics, 2010.16(6): p. 1595-1606.
196. Jung, G.H. and J.-L. Lee, Origin o f  gap states in the electron transport layer 
o f organic solar cells. Journal of Materials Chemistry A, 2013.1(9): p. 3034- 
3039.
197. Lee, S.-H., et al., Ejfect o f  Metal-Reflection and Surface-Roughness Properties 
on Power-Conversion Efficiency for Polymer Photovoltaic Cells. The Journal 
o f Physical Chemistry C, 2009.113(52): p. 21915-21920.
198. Han, S., et al.. Control o f nanocrystal surface defects for efficient charge 
extraction in polymer-ZnO photovoltaic systems. Journal of Applied Physics, 
2012.112(6): p. 066103-066103-3.
199. Wang, J., et al.. Low roll-off power efficiency organic light-emitting diodes 
consisted o f nondoped ultrathin phosphorescent layer. Applied Physies Letters,
2008. 92(13): p. 133308-3.
144
200. Lu, H.T., C.C. Tsou, and M. Yokoyama, Improvement o f FWHMand 
luminance o f blue organic light-emitting diodes with double hole-blocking 
structure. Journal of Crystal Growth, 2005. 277(1-4): p. 388-392.
201. Rand, B.P., et al.. Organic Double-Heterostructure Photovoltaic Cells 
Employing Thick Tris(acetylacetonato)ruthenium(III) Exciton-Bloeking Layers. 
Advanced Materials, 2005.17(22): p. 2714-2718.
202. Yang, L., et al.. Compact 2x2 tapered multimode interference couplers based 
on SU-8 polymer rectangular waveguides. Applied Physics Letters, 2008. 
93(20).
203. Irwin, M.D., et ah, p-Type semiconducting nickel oxide as an efficiency- 
enhancing anode interfacial layer in polymer bulk-heterojunction solar cells. 
Proceedings o f the National Academy o f Sciences of the United States of 
America, 2008.105(8): p. 2783-2787.
204. Das, N.C. and P.E. Sokol, Hybrid photovoltaic devices from regioregular 
polythiophene and ZnO nanoparticles composites. Renewable Energy, 2010. 
35(12): p. 2683-2688.
205. Hayakawa, A., et al.. High performance polythiophene/fullerene bulk- 
heterojunction solar cell with a TiO[sub x] hole blocking layer. Applied 
Physies Letters, 2007. 90(16): p. 163517.
206. Mihailetchi, V.D., et al.. Origin o f the enhanced performance in poly(3- 
hexylthiophene) : [6,6]-phenyl C-61-butyric acid methyl ester solar cells upon 
slow drying o f the active layer. Applied Physies Letters, 2006. 89(1).
207. Wemer, H.W., The use o f  secondary ion mass spectrometry in surface 
analysis. Surface Science, 1975. 47(1): p. 301-323.
208. Lee, K.H., et al.. Morphology o f All-Solution-Processed "Bilayer" Organic 
Solar Cells. Advanced Materials, 2011. 23(6): p. 766-+.
209. Ren, P.G., et al.. Temperature dependence o f graphene oxide reduced by 
hydrazine hydrate. Nanotechnology, 2011. 22(5).
210. Wang, H.H. and C.S. Me, The effects o f  oxygen partial pressure on the 
microstructures andphotocatalytic property o f ZnO nanoparticles. Physica E- 
Low-Dimensional Systems & Nanostructures, 2008. 40(8): p. 2724-2729.
211. Sharma, R., et al.. Enhancement o f the photoelectrochemical conversion 
efficiency o f  nanotubular TiO(2) photoanodes using nitrogen plasma assisted 
surface modification. Nanotechnology, 2009. 20(7).
212. Gardner, S.D., et al.. Surface Characterization o f  Carbon-Fibers Using Angle- 
Resolved Xps andlss. Carbon, 1995. 33(5): p. 587-595.
213. Wang, Q., et al.. Synthesis o f  anatase titania-carbon nanotubes 
nanocomposites with enhanced photocatalytic activity through a nanocoating- 
hydrothermal process. Journal of Nanopartiele Research, 2007. 9(6): p. 1087- 
1096.
214. Chowdari, B.V.R., G.V.S. Rao, and G.Y.H. Lee, XPS and ionic conductivity 
studies on Li20-Al203(Ti02 or Ge02)-P205 glass-ceramics. Solid State 
Ionics, 2000.136: p. 1067-1075.
215. Pan, T.M., F.H. Chen, and J.S. Jung, A high-k Tb2Ti05 nanocrystal memory. 
Applied Physics Letters, 2010. 96(10).
216. Kim, S., et al.. Comprehensive modeling o f resistive switching in the 
Al/Ti0x/Ti02/Al heterostructure based on space-charge-limited conduction. 
Applied Physies Letters, 2010. 97(3).
145
217. Knupfer, M. and G. Paasch, Origin o f  the interface dipole at interfaces 
between undoped organic semiconductors and metals. Journal of Vacuum 
Science & Technology A, 2005. 23(4): p. 1072-1077.
218. Lyon, J.E., et al.. Photoemission study o f the poly(3-hexylthiophene)/Au 
interface. Applied Physics Letters, 2006. 88(22).
219. Xu, Z., et al.. Energy level alignment ofpoly (3-hexylthiophene): [6,6]-phenyl 
C-61 butyric acid methyl ester bulk heterojunction. Applied Physics Letters,
2009. 95(1).
220. Hayakawa, A., et al.. High performance polythiophene/fullerene bulk- 
heterojunction solar cell with a TiOx hole blocking layer. Applied Physics 
Letters, 2007. 90(16).
221. Jeong, H.Y., et al.. Microscopic origin o f  bipolar resistive switching o f  
nanoscale titanium oxide thin films. Applied Physies Letters, 2009. 95(16).
222. Li, J.H., J.S. Huang, and Y. Yang, Improved hole-injection contact for top- 
emitting polymeric diodes. Applied Physies Letters, 2007. 90(17).
223. Reeja-Jayan, B., et al.. Effect o f interfacial dipoles on charge traps in organic- 
inorganic hybrid solar cells. Journal o f Materials Chemistry A, 2013.1(10): p. 
3258-3262.
224. Zhou, Y.F., M. Eek, and M. Kruger, Bulk-heterojunction hybrid solar cells 
based on colloidal nanocrystals and conjugated polymers. Energy & 
Environmental Science, 2010. 3(12): p. 1851-1864.
225. Tsoi, W.C., et al.. Effect o f Crystallization on the Electronic Energy Levels 
and Thin Film Morphology o f P3HT:PCBM Blends. Maeromoleeules, 2011. 
44(8): p. 2944-2952.
226. Sommer, M., et al.. Influence o f molecular weight on the solar cell
performance o f  double-crystalline donor-acceptor block copolymers. Applied
Physics Letters, 2009. 95(18).
227. Seharsieh, C., et al.. Control o f  aggregate formation in poly (3-hexylthiophene) 
by solvent, molecular weight, and synthetic method. Journal of Polymer 
Science Part B-Polymer Physics, 2012. 50(6): p. 442-453.
228. Brabee, C.J., et al.. Origin o f the Open Circuit Voltage o f Plastic Solar Cells. 
Advanced Functional Materials, 2001.11(5): p. 374-380.
229. Stevens, D.M., et al.. Relationship between Diode Saturation Current and 
Open Circuit Voltage in Poly(3-alkylthiophene) Solar Cells as a Function o f  
Device Architecture, Processing Conditions, and Alkyl Side Chain Length.
The Journal of Physical Chemistry C, 2011.115(42): p. 20806-20816.
230. Cho, C.-H., et al.. The effect o f side-chain length on regioregular poly[3-(4-n- 
alkyl)phenylthiophene]/PCBM and ICBA polymer solar cells. Journal o f 
Materials Chemistry, 2012. 22(28): p. 14236-14245.
231. Beck, W.J.E., M.M. Wienk, and R.A.J. Janssen, Hybrid solar cells from  
regioregular polythiophene and ZnO nanoparticles. Advanced Functional 
Materials, 2006.16(8): p. 1112-1116.
232. McCulloeh, I., et al.. Semiconducting Thienothiophene Copolymers: Design, 
Synthesis, Morphology, and Performance in Thin-Film Organic Transistors. 
Advanced Materials, 2009. 21(10-11): p. 1091-1109.
233. Han, S.J., et al.. Control o f nanocrystal surface defects for efficient charge 
extraction in polymer-ZnO photovoltaic systems. Journal o f Applied Physies, 
2012. 112(6).
146
234. Chen, C.T., et al.. The effect o f  C-60 on the ZnO-nanorod surface in organic- 
inorganic hybrid photovoltaics. Solar Energy Materials and Solar Cells, 2011. 
95(2): p. 740-744.
235. Brown, P.J., et al.. Effect o f interchain interactions on the absorption and 
emission o f  poly (3-hexylthiophene). Physical Review B, 2003. 67(6).
236. de Villers, B.T., et al.. Improving the Reproducibility o f  P 3 HT: PCBM Solar 
Cells by Controlling the PCBM/Cathode Interface. Journal of Physical 
Chemistry C, 2009.113(44): p. 18978-18982.
237. Moule, A.J. and K. Meerholz, Controlling morphology in polymer-fullerene 
mixtures. Advanced Materials, 2008. 20(2): p. 240-+.
238. Han, S.J., et al.. Band alignment effects at the metal electrode interface o f  
poly(3-hexylthiophene) :zinc oxide hybrid photovoltaics. Applied Physies 
Letters, 2013.102(8): p. 081607-5.
239. Scharber, M.C., et al.. Design rules for donors in bulk-heterojunction solar 
cells - Towards 10%  energy-conversion efficiency. Advanced Materials, 2006. 
18(6): p. 789-+.
240. Moule, A.J. and K. Meerholz, Minimizing optical losses in bulk heterojunction 
polymer solar cells. Applied Physies B-Lasers and Optics, 2007. 86(4): p. 
721-727.
241. Huynh, W.U., et al.. Controlling the Morphology ofNanocrystal-Polymer 
Composites for Solar Cells. Advanced Functional Materials, 2003.13(1): p. 
73-79.
242. Hou, J., et al.. Synthesis o f a Low Band Gap Polymer and Its Application in 
Highly Efficient Polymer Solar Cells. Journal of the American Chemical 
Society, 2009.131(43): p. 15586-15587.
243. Tang, Y. and C.R. McNeill, All-polymer solar cells utilizing low band gap 
polymers as donor and acceptor. Journal of Polymer Science Part B: Polymer 
Physies, 2013. 51(6): p. 403-409.
244. Koizumi, Y., et al., Thienoisoindigo-based low-band gap polymers for organic 
electronic devices. Polymer Chemistry, 2013. 4(3): p. 484-494.
245. Lin, Y.-Y., et al.. Nanostructured metal oxide/conjugated polymer hybrid 
solar cells by low temperature solution processes. Journal o f Materials 
Chemistry, 2007.17(43): p. 4571-4576.
Reproduced with permission of copyright owner. Further reproduction prohibited without permission.
